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Abstract
We consider various decoupling limits of ghost-free massive gravity on (A)dS. The
first is a decoupling limit on AdS space where the mass goes to zero while the AdS
radius is held fixed. This results in an interacting massive Proca vector theory with a
Λ2 ∼ (MPlm)1/2 strong coupling scale which is ghost-free by construction and yet can
not be put in the form of the generalized Proca theories considered so far. We comment
on the existence of a potential duality between this Proca theory and a CFT on the
boundary. The second decoupling limit we consider is a new limit on dS, obtained by
sending the mass towards the finite partially massless value. We do this by introducing
the scalar Stu¨ckelberg field which restores the partially massless symmetry. For generic
values of the parameters, only a finite number of operators enter the partially massless
decoupling limit and take the form of dS Galileons. If the interactions are chosen to
be precisely those of the ‘candidate’ non-linear partially massless theory, the resulting
strong coupling scale has a higher value and the resulting decoupling limit includes an
infinite number of interactions which we give in closed form. These interactions preserve
both the linear partially massless symmetry and the dS version of the Galileon shift
symmetry.
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1 Introduction
Current cosmological observations and the infamous Old Cosmological Constant Problem
have motivated the development of many gravitational theories that depart from General
Relativity (GR) at large distances. From a field theory perspective, GR is the unique ghost-
free theory of an interactive massless spin-2 field in four dimensions, and promoting the
graviton to a massive spin-2 field can be seen as a natural possibility. The first consistent
model of (soft) massive gravity was proposed almost two decades ago by Dvali, Gabadadze
and Porrati (the DGP model [1]), a model where the graviton is a resonance. Very rapidly,
the DGP model of gravity was extensively explored for its rich cosmological phenomenology
as well as a proof of principle of how a spin-2 field could effectively manifest a mass and
how the Vainshtein mechanism [2] could be realized. One of the most powerful developments
in DGP was the derivation of its decoupling limit [3]. Generically, a decoupling limit is a
scaling limit that focuses on a given set of interactions at a particular energy scale. It differs
from a low-energy truncation of a theory in that both IR and UV operators may be scaled
away. The number of degrees of freedom should not increase as one takes the decoupling
limit of a theory. Degrees of freedom may decouple from one another into separate sectors,
but they never appear. When taken properly, a decoupling limit is therefore a powerful tool
to constrain the number of degrees of freedom of a theory and study their behavior. Within
the context of DGP, the decoupling limit was essential in proving the existence of a ghost
in the self-accelerating branch of DGP [4, 5], understanding the Vainshtein mechanism [6]
and providing great insight into the phenomenology of both the normal and self-accelerating
branches of DGP. The Friedmann equation in the full DGP model can for instance be derived
from decoupling limit considerations [7].
Motivated by the advances pioneered by the DGP model, a multitude of alternative
modified gravity models have been proposed more recently. Most of these models can be split
into two categories, those for which the graviton is a massless spin-2 field (i.e. essentially GR)
with additional degrees of freedom that couple to gravity and possibly directly to matter,
and those for which the graviton is a massive spin-2 field, which propagates additional
polarizations. Among the second class of models, ghost-free massive gravity has emerged
as the unique (see Ref. [8]) local and Lorentz-invariant model of gravity in four dimensions
where the graviton has a hard mass (as opposed to a resonance) and is ghost free [9,10] (see
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also [11–13], and see [14, 15] for reviews). The emergence of massive gravity was motivated
by its decoupling limit which focused on the helicity-0 mode interactions [9, 16, 17]. Based
on the decoupling limit behavior a full non-linear model was proposed in [10] where it was
shown to be free of ghosts both in the decoupling limit as well as to all orders in some
examples and perturbatively in the general case. The proof of the absence of ghost was then
generalized to all orders in the general case in [18,19]. As in the case of DGP, the decoupling
limit of massive gravity, which was taken on a flat reference metric by sending the graviton
mass to zero and the Planck scale to infinity, played an essential role in establishing the
consistency and phenomenology of massive gravity [20, 21]. It was then further extended
to a de Sitter reference metric in [22] which led to the proposal of a unique candidate for
partially massless gravity. The full interactions with the vectors were also explored in [23,24].
The decoupling limit of massive gravity on general reference metric was derived in [25] and
includes the Λ3-decoupling limit on generic cosmological (FLRW) reference metrics as well as
on AdS. Within the context of massive gravity or its generalization, the decoupling was also
important for cosmology [20,25,26], for the study of spherically symmetric solutions [27] and
for radiative stability considerations [21]. Motivated by the advances one can reach when
analyzing various decoupling limits of a theory we will focus here on two decoupling limits
of massive gravity on maximally symmetric spacetimes.
The first decoupling limit we consider is for massive gravity on anti-de Sitter space
(AdS). This decoupling limit differs from that derived in [25] where the AdS curvature
scaled as the graviton mass, L ∼ m−1 → 0. Here we shall take a massless limit m→ 0 while
keeping the AdS radius L held fixed. In this limit, representation theory of AdS tells us that
the five degrees of freedom of the massive spin-2 splits up into a massless spin-2 carrying
two degrees of freedom and a massive spin-1 with mass squared equal to 6/L2 carrying the
remaining three degrees of freedom. To realize this limit at the level of the Lagrangian,
we must introduce a Stu¨ckelberg vector field which restores diffeomorphism invariance and
becomes the massive vector in the limit. In this limit, we will see the massive spin-1 field fully
decouple from the massless spin-2 field and from the conserved stress-tensor. The absence of
the vDVZ on AdS is thus manifest, and there is no need to introduce the Stu¨ckelberg scalar1
1The four Stu¨ckelberg fields transform in fact as scalar fields under coordinate transformations. Only in
the decoupling limit can the Stu¨ckelberg internal global Lorentz invariance be identified with the spacetime
one and the Stu¨ckelberg fields split into vectors and scalars under the global Lorentz group.
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as is usually done in the flat space decoupling limit.
At the non-linear level, interactions with the tensor are always Planck scale suppressed
as compared with vector self-interactions that enter at the scale Λ2 = (MPlm)
1/2. Regardless
of the form of the potential, the decoupling limit on AdS is thus taken by sending MPl →∞,
m→ 0, with Λ2 and the AdS radius held fixed. In this limit we will obtain a self-interacting
massive Proca theory decoupled from the tensors.
For a generic choice of graviton potential or kinetic term this massive Proca theory
will be ghostly, propagating four or more degrees of freedom rather than three, reflecting
the presence of the Boulware-Deser ghost [28] (as well as potentially even more problematic
ghosts) in the full theory. But for the Einstein–Hilbert kinetic term and the choice of
potential which removes any such ghost [9,10], the resulting massive Proca theory obtained
in the AdS decoupling limit gains a non-trivial constraint that removes the extra degree of
freedom and leaves only three, the correct number for a massive vector. This Proca theory
contains an infinite set of interactions with all powers of the vector fields, and they are
all necessary for the presence of the constraint, which cannot be fully seen at any finite
order in powers of the field. Thus this theory, even though it is ghost free, lies outside of
the classification of generalized Proca theories considered thus far [29, 30] and even outside
beyond generalized Proca [31,32].
The other limit we shall be interested in relates to massive gravity on de Sitter space
(dS). On dS, there is a Higuchi bound m2 ≥ 2H2 for massive spin-2 [33]. Below the Higuchi
bound, m2 < 2H2, the graviton is unstable (except for the massless point m = 0). At
the Higuchi bound, m2 = 2H2, the linear spin-2 field becomes partially massless [33–43].
At this point, a scalar gauge symmetry appears which removes one degree of freedom from
the linear theory, leaving an exotic irreducible dS representation which propagates four
degrees of freedom. This symmetry does not carry through to the gravitational (non-linear)
case [44,45], but we will be interested in a partially massless limit m→ 2H2 in which the dS
scale H is held fixed. In this limit, representation theory of dS tells us that the five degrees of
freedom of the massive spin-2 splits up into a partially massless spin-2 carrying four degrees
of freedom and a massive scalar with mass squared equal to −4H2 carrying the remaining
degree of freedom. To realize this limit at the level of the Lagrangian, we must introduce
a Stu¨ckelberg scalar field which restores the partially massless symmetry and becomes the
massive scalar in the massless limit.
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In the full non-linear ghost-free theory of massive gravity, we define ∆2 ≡ m2 − 2H2
to parameterize the difference between the mass and the partially massless mass. The non-
linearities will give operators suppressed by scales made from ∆ and MPl. The lowest such
scale will be Λ˜4 = (MPl∆
3)1/4, which is carried by a cubic scalar self-interaction. The
decoupling limit is then given by taking ∆ → 0, MPl → ∞ with Λ˜4 and the dS scale H
held fixed. All that survives is the cubic scalar self-interaction which takes the form of a de
Sitter Galileon [46–48], a generalization of the Galileon [49, 50] that lives on de Sitter space
yet still possesses a Galileon-like shift symmetry. The strong coupling scale in this case is
Λ = (MPl∆
3/H)
1/3
.
Among the two free parameters, α3, α4 in the dRGT interactions, α3 can be chosen
to eliminate to the cubic Galileon at the scale Λ˜4. The scale to be fixed is now raised to
Λ˜3 = (MPl∆
2)1/3, and the strong coupling scale is Λ = Λ˜3, carried by a quartic dS Galileon.
This interaction can then in turn be eliminated by choosing the other free parameter α4.
This choice of α3, α4 coincides with that of the “candidate partially massless theory” iden-
tified in [22] and studied in [45]. The scale to be held fixed is now Λ˜2 = (MPl∆)
1/2 and
the strong coupling scale of this theory is Λ = (H∆MPl)
1/3, which is carried by an infinite
set of operators, that we provide in closed form, each involving two powers of the graviton
and arbitrary powers of the scalar, as well as the cubic and quartic dS Galileons scalar self-
interactions. All interactions (scalar self-interactions are scalar-tensor interactions) are dS
Galileon invariant, and are invariant under the linear partially massless symmetry. They
can be written in terms of the field strength tensor of the partially massless field. We will
also see that they include a spontaneous symmetry breaking potential for the scalar which
exhibits a Z2 symmetry breaking which we will discuss.
The rest of the manuscript is organized as follows: In section 2 we review linear massive
gravity on maximally symmetric spacetimes, describe the field content in the different regions
of mass–curvature phase plane. We then review the full non-linear theory of massive gravity
on (A)dS in section 3 before focusing on its AdS decoupling limit in section 4 and partially
massless decoupling limit in section 5. A summary of our results is presented in section 6. In
Appendix A we gather the relevant Lagrangians and tensors that enter the construction of
ghost-free massive gravity. We then provide the dS version of the Galileons in appendix B.
Finally in appendix C we reproduce here for convenience the derivation of the Stu¨ckelberg
6
prescription in a maximally symmetric spacetime as provided in [22].
Conventions: Throughout this manuscript we work in four spacetime dimensions,
and we use the mostly plus metric signature convention, ηµν = (−,+,+,+). Tensors
are symmetrized and anti-symmetrized with unit weight, i.e T(µν) =
1
2
(Tµν + Tνµ), T[µν] =
1
2
(Tµν − Tνµ). On dS space, we denote the dS Hubble scale as H, so that R = 12H2 > 0.
On AdS, we denote the AdS radius L so that R = −12/L2 < 0. We can go between the two
cases with the relation H2 = −1/L2.
2 Linear Theory and its Limits
We start by considering the linearized theory of a massive spin-2 on (A)dS and the various
possible decoupling limits. Decoupling limits occur when we approach lines of enhanced
gauge symmetry in the mass vs. background curvature plane (see Fig. 1). There are two
such lines, the massless line m2 = 0 and the partially massless line m2 = 2H2. These lines
intersect at the origin, and they partition the phase diagram into ghostly and stable regions
as shown in Fig. 1. There are three different ways of approaching these lines from the ghost-
free region, as shown in the figure; we can approach the massless line from the region of
negative curvature, we can approach the partially massless line from the region of positive
curvature, or we can approach the origin along any angle lying between the two enhanced
symmetry lines.
Group theory branching rules will tell us how the five degrees of freedom of the massive
spin-2 decompose in each of these limits. To make manifest the decomposition of the degrees
of freedom, we will need to introduce the appropriate Stu¨ckelberg fields in order to restore the
symmetry which emerges as we approach the enhanced symmetry line. From the linearized
theory we will see how the Stu¨ckelberg fields then carry the degrees of freedom removed by
the enhanced gauge symmetries, as well as the normalization of their kinetic terms which
will set the strong coupling scales.
The Lagrangian for a spin-2 of mass m on (A)dS is given by the Fierz-Pauli Lagrangian
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Massless AdS limit
 Flat limit
Partially massless limit
m2
H2
m2 = 2H2
(ghostly)
Figure 1: Linear spin-2 on maximally symmetric spaces and its various limits.
[51] extended to maximally symmetric curved space [52],
Lm =
√−γ
[
− 1
2
∇αhµν∇αhµν +∇αhµν∇νhµα −∇µh∇νhµν + 1
2
∇µh∇µh
+3H2(hµνh
µν − 1
2
h2)− 1
2
m2(hµνh
µν − h2) + 1
MPl
hµνT
µν
]
. (2.1)
Here γµν is the (A)dS background metric with curvature R
µ
ν [γ] = 3H
2δµν , while the hµν is
the dynamical spin-2 field. Covariant derivatives ∇µ and the raising and lowering of indices
is taken with respect to γµν . We have also added to (2.1) a coupling to a source Tµν with
strength 1/MPl.
For generic values of the mass m, (2.1) propagates the 5 degrees of freedom of a fully
massive spin-2 on (A)dS space. However for two special values of m relative to the (A)dS
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radius, there is (at least within the free linear theory) a reduction in the number of degrees
of freedom, giving the enhanced symmetry lines:
• For m = 0, there is an enhanced gauge symmetry
δhµν = ∇µξν +∇νξµ, (2.2)
where ξµ is a vector gauge parameter. The action propagates 2 degrees of freedom of a
massless spin-2 on (A)dS. This is the nothing but general relativity with a cosmological
constant linearized about its maximally symmetric solution, and the symmetry (2.2)
is linearized diffeomorphism symmetry.
At this massless line, consistency demands that the source is conserved,
∇νT µν = 0 . (2.3)
• For m2 = 2H2 there is an enhanced gauge symmetry
δχhµν = ∇µ∇νχ+H2χγµν , (2.4)
where χ is a scalar gauge parameter. The theory at m2 = 2H2 is called partially
massless. The gauge symmetry (2.4) kills one degree of freedom, so the partially
massless graviton carries 4 degrees of freedom rather than 5.
At this partially massless line, consistency demands that the source satisfies
∇µ∇νT µν = −H2T µµ . (2.5)
(In the limit where H → 0, this is consistent with conservation (2.3).)
Away from the enhanced symmetry lines the source need not necessarily satisfy any
conservation conditions. However, as we will see, we will generally find strong coupling in
the various limits unless we demand weaker conditions such as ∇µT µν = O(m2) that are
consistent with the required conservation in the various limits.
The theory (2.1) has ghost-like instabilities when m2 < 0, and is stable when m = 0.
For m2 > 0, there are two different cases: on AdS and flat space (H2 ≤ 0), the theory is
stable for m2 > 0. On dS (H2 > 0), the theory is unstable for 0 < m2 < 2H2 and stable for
m2 ≥ 2H2. The massless and partially massless lines form boundaries for the stable regions,
as shown in Fig. 1.
9
Looking at the lines of enhanced gauge symmetry in Fig. 1, we can consider three
different limits in which we approach these lines from the stable region; a massless limit
from AdS, a partially massless limit from dS, and a massless limit along some direction
from the stable region. In these limits, the massive graviton will be breaking up into the
(partially) massless graviton and the remaining degrees of freedom. We will now consider
these limits in turn.
2.1 Flat space massless limit
The flat space massless limit is the usual decoupling limit considered in studies of massive
gravity. In the flat space massless limit, a massive spin-2 breaks up into a massless spin-2,
a massless spin-1, and a massless scalar. Thus we expect to need two different Stu¨ckelberg
fields; one to carry the massless spin-1, and one to carry the massless spin-0.
Because the massless, flat space point is co-dimension two in the mass vs. curvature
plane of Fig. 1, we can approach this point in various directions: m → 0, H → 0 keeping
the ratio H/m fixed but arbitrary. The limit will be direction dependent.
Since we recover linearized diffeomorphisms at m = 0, the best way to diagnose what
occurs in the m → 0 limit is to introduce the Stu¨ckelberg field Aµ that restores this local
symmetry, as well as a Stu¨ckelberg field φ which restores the U(1) necessary for the expected
massless spin-1 mode,
hµν → hµν + 1
m
(∇µAν +∇νAµ) , Aµ → Aµ + 1
m
∇µφ . (2.6)
The mass scaling here is chosen so that the kinetic terms for the fields come out canonically
normalized.
After the replacement (2.6) there is a gauge symmetry (even away from m = 0),
δhµν = ∇µξν +∇νξµ, δAµ = ∇µζ −mξµ, δφ = −mζ, (2.7)
for the gauge parameters ξµ and ζ.
The flat space massless decoupling limit is taken by sending
m→ 0, H → 0, m
H
fixed, hµν , Aµ, φ fixed. (2.8)
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In this limit, the resulting Lagrangian, after a conformal transformation to diagonalize the
kinetic terms,
hµν → hµν + φ ηµν , (2.9)
is the flat space Lagrangian for the expected massless spin-2, massless spin-1, and massless
scalar,
L = LH,m=0 − 1
2
F 2µν − 3
(
1− 2H
2
m2
)
(∂φ)2 +
1
MPl
hµνT
µν +
1
2MPl
φT , (2.10)
where Fµν ≡ ∂µAν − ∂νAµ is the standard Maxwell field strength for the massless spin-1.
We have assumed that the divergence of the stress tensor vanishes faster2 than O(m)
in the limit, and its double divergence faster than O(m2), otherwise we would get strong
coupling between the vector and the divergence of the stress tensor, or between the scalar
and the double divergence. The coupling between the scalar and the trace of the stress tensor
comes from the necessary conformal transformation (2.9) and is responsible for the vDVZ
discontinuity [53,54]. Note that the scalar kinetic term in (2.10) depends on m/H and hence
on the direction of the limit. Once the scalar is canonically normalized, the coupling will go
like ∼ 1
2MPl
√
1−2H2
m2
φT , and so we interpolate between having a vDVZ discontinuity due to
the φT coupling when H → 0 first, no vDVZ discontinuity3 when m → 0 first [33, 55–57],
and strong coupling at the partially massless point m2 = 2H2 unless the trace scales to zero
faster than O(m). This point will be discussed further later.
Note that the transformation for φ in (2.7) goes to zero in the limit (2.8), and hence φ
becomes gauge invariant, whereas the tensor hµν and vector Aµ maintain the standard flat
space massless symmetry transformations,
δhµν = ∂µξν + ∂νξµ, δAµ = ∂µζ, δφ = 0 . (2.11)
2.2 AdS massless limit
In this limit, we take the graviton mass to go to zero, m→ 0, while leaving the AdS radius
L2 = −1/H2 fixed.
2These requirements are equivalent to requiring that the matter coupling preserve the appropriate sym-
metries in those limit.
3Notice however that sending m→ 0 faster than H → 0 is only a viable limit on AdS where H2 < 0 and
not on dS.
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Group theoretically, the massive spin-2 representation decomposes in this limit into a
massless spin-2 and a massive vector of mass squared 6/L2. Representations in AdS [58] can
be labelled as (∆c, s), where s is the spin and ∆c is the dimension of the dual CFT operator,
in terms of which the mass is given by m2L2 = (∆c + s − 2)(∆c − s − 1) for s ≥ 1 and
m2L2 = ∆c(∆c − 3) for s = 0. The limit we are interested in corresponds to the branching
rule [58, 59]
(∆c, 2) −→
∆c→3
(3, 2)⊕ (4, 1) . (2.12)
Here (∆c, 2) can be thought of as a non-conserved symmetric traceless primary operator
Tij in the dual three dimensional CFT. As it approaches its conserved dimension ∆c = 3,
the divergence ∂jTij, which has dimension ∆c + 1, decouples and becomes its own primary,
becoming the (4, 1).
Based on this group theoretical decomposition, we expect to only need to introduce a
vector Stu¨ckelberg Aµ, patterned after the gauge symmetry (2.2) which is restored in the
m = 0 limit,
hµν → hµν + 1
m
(∇µAν +∇νAµ) . (2.13)
We do not need to introduce the scalar with the associated U(1) symmetry as we did in (2.6)
for the massless case, since the vector is massive in the m→ 0 limit and the scalar degree of
freedom does not appear. The mass scaling here is chosen so that the kinetic term for the
vector comes out canonically normalized.
After (2.13), the theory has a gauge symmetry
δhµν = ∇µξν +∇νξµ, δAµ = −mξµ . (2.14)
We then take the limit
m→ 0, L fixed, hµν , Aµ fixed , (2.15)
and the Lagrangian in this limit becomes
L = Lm=0 +
√−γ
[
−1
2
F 2µν −
6
L2
A2 +
1
MPl
hµνT
µν
]
. (2.16)
We see explicitly the appearance of a massless graviton and a massive vector with the mass
m2A =
6
L2
. (2.17)
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The decoupling limit is smooth without the need to introduce the scalar, as expected from
the branching rule (2.12); before the limit there are 5 degrees in the massive graviton, after
the limit there are 2 degrees of freedom in the massless graviton and 3 degrees of freedom in
the massive vector.
We have assumed that the divergence of the stress tensor vanishes faster than O(m)
in the limit, otherwise we would get strong coupling between the vector and the divergence
of the stress tensor. There is no coupling between the Stu¨ckelberg degrees of freedom and
the source, so as is well-known, there is no vDVZ discontinuity on AdS [33, 55–57, 60] (see
however [61,62] for studies of one-loop corrections to this statement).
Note that the transformation for Aµ in (2.14) goes to zero in the limit (2.15), and hence
becomes gauge invariant, whereas the tensor hµν maintains the linear massless symmetry,
δhµν = ∇µξν +∇νξµ, δAµ = 0 . (2.18)
2.3 Partially massless limit
In this limit, we let the graviton mass approach its partially massless value m2 → m2PM =
2H2, while leaving the de Sitter scale H fixed.
Group theoretically, the massive spin-2 representation decomposes in this limit into
a partially massless spin-2 and a massive scalar of mass squared −4H2. Using the AdS
representation notation referred to at the beginning of Section 2.2, the branching rule is
(∆c, 2) −→
∆c→2
(2, 2)⊕ (4, 0) . (2.19)
The value ∆c = 2 for a spin-2 primary Tij is the value at which it satisfies the double
conservation condition ∂i∂jT
ij = 0, and is dual to a partially massless graviton4 [71]. Here
(∆c, 2) is a non-conserved stress tensor Tij in the dual three dimensional CFT, and as it
approaches its double conserved dimension ∆c = 2, the double divergence ∂
i∂jTij, which has
dimension ∆c + 2, decouples and becomes its own scalar primary, becoming the (4, 0).
Based on this group theoretic decomposition, to restore the partially massless symmetry
we expect to only need to introduce a Stu¨ckelberg scalar, and no vector. Since the linear
4Higher spin AdS/CFT examples including partially massless states have been studied in [63–70].
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theory recovers the partially massless gauge symmetry (2.4) at the partially massless point,
we introduce the scalar Stu¨ckelberg field patterned after that symmetry,
hµν → hµν + 1
H∆
(∇µ∇νφ+H2γµνφ) . (2.20)
Here we have introduced the quantity
∆2 = m2 − 2H2 , (2.21)
so that ∆ = 0 is the partially massless value. The prefactor in front of φ in (2.20) is chosen
so that φ will come out with canonical normalization.
The theory (2.20) now has a gauge symmetry
δhµν = ∇µ∇νχ+H2χγµν , δφ = −H∆χ. (2.22)
We now take the partially massless limit
∆→ 0, H fixed, hµν , φ fixed . (2.23)
The Lagrangian in this limit becomes
1√−γL =
1√−γLmPM + hµνT
µν
+3
(
−1
2
(∇φ)2 + 2H2φ2
)
+
1
H∆
φ
(∇µ∇νT µν +H2T) . (2.24)
We see the appearance of a partially massless graviton and a scalar with mass
m2φ = −4H2 , (2.25)
as expected from the branching rule (2.19). The decoupling limit is smooth; before the limit
there are 5 degrees of freedom in the massive graviton, after the limit there are 4 degrees
of freedom in the partially massless graviton and 1 degree of freedom in the massive scalar.
As mentioned, there is no need to introduce a vector Stu¨ckelberg field in this case, and
the decoupling limit is already smooth without it, as expected from the group theoretic
decomposition (2.19).
Note that the coupling to T µν in the second line of (2.24) blows up, and we have strong
coupling in the decoupling limit, unless the stress-energy satisfies the modified conservation
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relation (2.5) on de Sitter to O (∆) in the limit. We recall that while the partially massless
line is indeed a line of enhanced symmetry, the symmetry recovered at the linear level
in that limit is the partially massless one rather than diffeomorphism invariance. As a
result there is no reason to have the stress-energy tensor being conserved on the partially
massless line, rather we would like its coupling to the spin-2 field to preserve the partially
massless symmetry which is precisely what the modified conservation relation (2.5) dictates.
In taking the partially massless limit, we should thus ensure that the stress tensor satisfies
this requirement.
Finally, note that the transformation for φ in (2.22) goes to zero in the limit (2.23),
and hence becomes gauge invariant, whereas the tensor hµν maintains the linear partially
massless symmetry,
δhµν = ∇µ∇νχ+H2χγµν , δφ = 0. (2.26)
3 Non-Linear Massive Gravity on (A)dS
The previous considerations were at the level of free (linear) theories with coupling to an
external non-dynamical stress-tensor. As is well-known, as soon as the degrees of freedom
that enter the stress-tensor are made dynamical, i.e. as soon as the spin-2 field interacts, we
are led to a gravitational theory with an infinite number of interactions of a precise form. We
now turn to the fully interacting theory of massive gravity on (A)dS, and the fully non-linear
versions of the various limits described in section 2.
The only known ghost-free interacting effective field theory of a single massive spin-2
in four dimensions is ghost-free massive gravity [10], also known as dRGT theory (see [14,15]
for reviews). Placing it on an (A)dS background [72], the Lagrangian is
L = M
2
Pl
2
√−g (R[g]− 6H2 +m2 [S2(K) + α3S3(K) + α4S4(K)])+ Lmatter(gµν , ψi). (3.1)
Here ψi denote any matter fields, and their corresponding stress-energy tensor is covariantly
conserved on the matter equations of motion, though we will not be explicitly concerned
with the matter in what follows. The tensor Kµν is given by
Kµν = δµν −
(√
g−1γ
)µ
ν
, (3.2)
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with gµν the dynamical metric and γµν the background (A)dS metric, whose constant curva-
ture scale is H, R[γ] = 12H2. The S’s are the standard symmetric polynomials, defined in
Appendix A. There are two dimensionless parameters, α3 and α4, governing the interactions
of the theory. Expanding gµν = γµν +
2
MPl
hµν , (3.1) reduces to (2.1) at quadratic order in
hµν .
We will now proceed to investigate the fully non-linear versions of the various decou-
pling limits described in section 2. In all the cases, the non-linear decoupling limit comes
with taking MPl → ∞ while leaving some intermediate scale, the strong coupling scale,
fixed. This strong coupling scale is always a combination of the Planck scale, the mass of
the spin-2 field and the background curvature scale and is kept finite in the MPl →∞ limit
by simultaneously sending either the mass or a combination of the mass and the curvature
to zero.
The flat-space massless decoupling limits have already been worked out elsewhere;
the case H/m → 0 is part of the original studies of ghost-free massive gravity [9, 10] and
the H/m 6→ 0 generalization was derived in [22]. In what follows we start with the AdS
decoupling limit in Section 4, before moving on to the partially massless decoupling limit in
section 5.
4 Non-Linear Massless AdS Decoupling Limits
We start with the massless decoupling limit of the full non-linear theory on AdS. This requires
the introduction of the fully non-linear Stu¨ckelberg fields, and will result in an interacting
massive Proca theory in the decoupling limit.
4.1 Stu¨ckelberg in AdS
On an AdS background, the Stu¨ckelberg fields take a more complicated form than in flat
space. The derivation of their appropriate form in AdS follows the prescription described
in [22], which we review in AdS in Appendix C. The end result is that the Stu¨ckelberg field
Aµ is to be introduced through the reference metric γµν via the replacement
γµν → γ˜µν = γµν − Sµν − Sνµ + S λµ Sνλ −
1
L2 + A¯2
TµTν , (4.1)
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with
Sµν = ∇µA¯ν + γµν
(
1−
√
1 +
1
L2
A¯2
)
, Tµ =
1
2
∂µ(A¯
2)−
√
1 +
1
L2
A¯2 A¯µ , (4.2)
where the covariant derivatives and raised/lowered indices are with respect to the reference
metric γµν , and
A¯µ =
2
MPlm
Aµ , (4.3)
results in a canonically normalized Aµ. In the decoupling limit Aµ will play the role of a
vector field, but intrinsically it is related to the Stu¨ckelberg scalar fields.
Making this substitution in the non-linear ghost-free massive gravity action (3.1) with
Kµν = δµν −
(√
g−1γ˜
)µ
ν
and expanding the metric about the AdS vacuum solution
gµν = γµν +
2
MPl
hµν , (4.4)
results in a vector-tensor theory. By construction, the Stu¨ckelberg field restores full non-
linear diffeomorphism invariance and hence does not appear through the Einstein-Hilbert
plus cosmological constant part of the action (3.1), and so the only contributions come
through the non-diff-invariant mass terms in (3.1). As we learned from the linear theory in
Section 2.2, there is no need to further introduce a longitudinal mode.
4.2 Interacting Proca in the decoupling limit
The interactions among the tensors and vectors that appear after the Stu¨ckelberg replace-
ment are schematically of the form
Ll,n ∼ m2M2Pl
(
∂ +
1
L
)n
1
M lPl
1
(MPlm)n
hlAn , l, n ≥ 0, l + n ≥ 3 . (4.5)
(Here we treat ∂, 1/L as schematically identical, since they are held fixed in the limit
of interest and can be converted into each other by commuting derivatives.) The strong
coupling scale is the lowest such scale that appears. As is well known, this strong coupling
scale is [60,73,74]
Λ2 = (MPlm)
1/2 . (4.6)
The operators in the expansion that carry this scale are the vector self-interactions,
L0,n ∼ 1
Λ2n−42
(
∂ +
1
L
)n
An , n ≥ 3 . (4.7)
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The Λ2 decoupling limit is then
MPl →∞, m→ 0, L, Λ2 fixed, hµν , Aµ fixed. (4.8)
In this limit, all interactions that involve a tensor vanish, since they are suppressed by further
powers of the Planck scale, and what is left is an infinite number of vector self-interactions5
of the form (4.7). Note that since the stress-energy tensor for a standard diffeomorphism
invariant matter coupling is covariantly conserved, so the Proca field does not interact with
matter in this decoupling limit. In this strict limit, we are therefore dealing with an isolated
self-interacting Proca field theory living on AdS without any outside interaction, either to
gravity or to standard matter.
This decoupling limit Proca Lagrangian is
LΛ2 = L(2)Λ2 (A) +
1
Λ22
L(3)Λ2 (A) +
1
Λ42
L(4)Λ2 (A) + · · · , (4.9)
Where the terms up to quartic order in the fields are given by
1√−γL
(2)
Λ2
(A) = −1
2
F 2µν −
6
L2
A2 , (4.10)
1√−γL
(3)
Λ2
(A) =
α3
2
S3(B)− 1
2
F µαF ναX
(1)
µν (B)−
3
L2
A2B , (4.11)
1√−γL
(4)
Λ2
(A) =
1
8
(
(FµνF
µν)2 − FµνF ναFαβF βµ
)
+
α4
2
S4(B)− 3α3
4
F µαF ναX
(2)
µν (B)
+
1
4
F µαF νβBµνBαβ +
1
4
F µαF ναB
2
µν −
1
2
F µαF ναBBµν
− 1 + 6α3
L2
A2S2(B) +
1 + 3α3
L2
AµAνX(2)µν (B)
+
2
L2
(
A2FµνF
µν − AµAνBµαFνα + 1
2
AµAνFµαFν
α
)
+
12
L4
A4 . (4.12)
Here we have defined Fµν = ∇µAν −∇νAµ and Bµν = ∇µAν +∇νAµ, with B = Bαα, and
the tensors X
(n)
µν and the characteristic polynomials Sn are defined in appendix A.
Note that the scale suppressing the interactions would be Λ2 even for a generic grav-
itational potential, i.e. a potential not of the ghost-free dRGT form. The decoupling limit
Lagrangian would still be a self-interacting Proca theory with terms of the form (4.7). This
5There are also an infinite number of terms involving the vector mode in the decoupling limit of massive
gravity on flat spacetime [23, 24], though in this case they are vector-scalar interactions rather than vector
self-interactions.
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is in contrast to the flat space decoupling limit, where choosing the ghost-free structure
raises the strong coupling scale from Λ5 = (MPlm
4)
1/5
to Λ3 = (MPlm
2)
1/3
[16,17]. However,
just as the ghost-free structure of the potential changes the leading operators from higher
order scalar self-interactions [75] to ghost-free scalar-tensor Galileon interactions [9] in the
flat case, in the decoupling limit on AdS the ghost-free structure ensures that the Proca
interactions that arise at the scale Λ2 are ghost-free. This will be seen more explicitly in
what follows.
Ghost–free Proca on AdS: The Proca field Aµ has four components, yet only propagates
the three degrees of freedom of a massive spin-1 at linear level. This is due to the presence
of the Proca constraint ∇µAµ = 0 which is implied by the linear equations of motion. At
non-linear level, massive gravity with a generic potential has 6 degrees of freedom (the five of
the massive graviton plus the Boulware Deser ghost [28]). If we were to perform the massless
AdS decoupling limit we are considering on a ghostly massive gravity potential, two of the
degrees of freedom would go into the decoupled massless tensor, and so the remaining four
must go into the interacting vector Lagrangian. Thus we expect, in this generic case, that
the Proca constraint would fail to hold at non-linear level.
However, the dRGT massive gravity theory (3.1) is ghost free [9, 18,19,76–79], and so
it possesses only five degrees of freedom. Therefore in this case, the interacting Proca theory
must carry only three degrees of freedom, and so must exhibit a Proca constraint at the fully
non-linear level. This is the way in which the massless decoupling limit of ghost-free dRGT
on AdS will be different from that of a generic ghostly potential.
Interacting Proca theories which propagate three degrees of freedom non-linearly have
been studied recently [29,30,80–86]. However, we can see that the interactions (4.11), (4.12)
we have obtained in this AdS decoupling limit of ghost-free massive gravity are not of the
form of the generalized Proca interactions of [30]. Even after performing any local field
redefinition on the vector field Aµ, one can see that the interactions (4.12) cannot be put
in a form that would match the generalized Proca theory, including its covariant version on
AdS [30].
The reason the Proca interactions (4.11), (4.12) obtained through this decoupling limit
of dRGT massive gravity do not belong to the class of interactions found in [30] is that
there it was asked that the constraint be satisfied at every order in perturbation theory in
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powers of the field6. In our decoupling limit on the other hand, there is an infinite number
of interactions and truncating the theory at any finite order would spoil the existence of a
constraint.
We can see how this works by computing the Hessian of (4.9) defined as follows (see [76]
for more details)
H = det
∣∣∣∣∣ ∂2L∂A˙µ∂A˙ν
∣∣∣∣∣ , (4.13)
where the dots indicates derivatives with respect to some time coordinate t on AdS. To be
concrete, we can choose for instance Poincare´ patch coordinates on AdS4, x
µ = {t, x, y, z}, in
which the metric reads ds2 = L
2
z2
(−dt2 + dx2 + dy2 + dz2). If the Hessian does not vanish,
then there are no constraints in the Hamiltonian formulation and the Lagrangian propagates
four degrees of freedom. Thus the Hessian must vanish to have the required constraint.
Using our explicit Lagrangian, we can compute the Hessian in a power series in Λ−22 . Up to
order Λ−42 , it does indeed vanish for any choices of parameters α3,4,
H = 0 +O
(
1
Λ62
)
, (4.14)
and it does so through very non-trivial cancellations between the various orders in the La-
grangian, i.e. the Hessian of L(3)Λ2 and the Hessian of L
(4)
Λ2
do not individually vanish. Had
the operators that entered the cubic or quartic Lagrangians been ever so slightly different,
as they would be for a ghostly graviton potential, the cancellation of the Hessian would have
been spoiled already at that order.
Since the full massive gravity is ghost free, we must have H = 0 to all orders, as well as
an associated secondary constraint in the Hamiltonian formalism. This is similar to the way
in which the constraint appears which removes the Boulware-Deser ghost in dRGT theory
in the unitary gauge [18, 19]. It would be interesting to see precisely how the primary and
secondary constraints manifest themselves at all orders in the AdS decoupling limit Proca
theory. By itself, the Proca theory can be seen as a special example of non-linear sigma
model as proposed in [73].
AdS Proca/CFT duality: At this point it is worth pointing out that we expect massive
gravity on AdS to have a large N CFT dual with a non-conserved spin-2 single-trace primary.
6More precisely in powers of the second derivative of the helicity-0 mode of the massive vector field.
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It has also been suggested [87–90] that massive gravity on AdS is dual to a condensed matter
system or a CFT on a lattice, where the breaking of translation invariance on the boundary
can be linked to the breaking of diffeomorphism invariance in the bulk.
With this picture in mind, a natural question is therefore whether the AdS decoupling
limit of massive gravity is also dual to a particular limit of the CFT. This would be a limit
in which the dimension of the spin-2 primary approaches its conserved value ∆c = 3, and
the divergence of the current decouples to become its own spin-1 primary whose correlators
decouple from the tensor correlators. This would imply the existence of a new type of limit
of the AdS/CFT correspondence where the boundary maps not to a gravitational theory
but rather to a highly interacting Proca theory. Furthermore, the theory which comes from
the ghost-free potential should have special properties. These possibilities will be explored
elsewhere.
4.3 Flat spacetime limit
Once we have the massless AdS decoupling limit, we can make contact with the flat space
decoupling limit with H/m → 0 by taking a further flat space limit L → ∞. In the flat
limit, the mass of the vector field goes to zero and the degrees of freedom of the massive
vector break up into a massless vector and a scalar, so we must now introduce the scalar
Stu¨ckelberg field and associated U(1) symmetry to capture the dynamics of the scalar,
Aµ → Aµ + L∇µφ . (4.15)
The scaling with L will ensure that φ comes out canonically normalized.
We now have a new U(1) symmetry
δAµ = ∂µζ, δφ = − 1
L
ζ , (4.16)
with gauge parameter ζ. At the linear level, after taking the limit 1/L → 0 while keeping
both canonically normalized fields Aµ and φ fixed, the linearized Lagrangian (4.10) becomes
that of a massless vector and massless scalar on flat space,
L = −1
2
FµνF
µν − 6 (∂φ)2 . (4.17)
The U(1) symmetry (4.16) in the limit becomes
δAµ = ∂µζ, δφ = 0, (4.18)
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and we see that φ is invariant.
Non-linearly, the flat decoupling limit is achieved by taking
Λ2 →∞, 1
L
→ 0, Λ3 = (Λ22/L)1/3 fixed. (4.19)
A naive power counting would seem to suggest the existence of cubic interactions that enter
at the strong coupling scale Λ5 = (Λ
2
2L
−3)1/5, however ghost-free massive gravity carries
interactions in such a way that the cubic scalar operators that would enter at that scale
(∂2φ)
3
/Λ55 always come in total derivative combinations. The same remains true to all
orders in φ and the smallest suppression scale that remains is Λ3 = (Λ
2
2/L)
1/3.
The full scalar-vector Lagrangian up to quartic order in the fields in this limit is
L = −1
2
F 2µν − 6(∂φ)2
+
1
Λ33
(
(1 + 6α3)Fµ
αFναΠ
µν − (1 + 3α3)FµνF µν [Π]
)
+
12
Λ33
(1 + 4α3)LH=0gal,3 (φ)
+
2
Λ63
F µαF να
[
− 3
2
(α3 + 4α4)X
(2)
µν [Π]− (1− 12α4)[Π]Πµν +
1
2
(1− 24α4)Π2µν
]
+
(1− 24α4)
Λ63
FαµF βνΠαβΠµν − 8
Λ63
(1− 12α4)LH=0gal,4 (φ) ,
(4.20)
where Πµν = ∂µ∂νφ, brackets denote traces, the tensors X
(n)
µν are defined in Appendix A
and the Galileon terms LH=0gal,n are those of Appendix B in the flat space limit. After suitable
field re-definitions, the vector-scalar interactions here match those obtained in [24] to fourth
order in the fields, as well as those obtained at cubic order in [13] for a particular example
of massive gravity [11, 12], and the Galileon interactions should match [22] in the massless
limit after continuing to AdS.
The equations of motion from (4.20) are not second order, but we know that there
cannot be ghosts since it comes from ghost free massive gravity. If the invertible field
redefinition φ → φ + 1
24Λ33
FµνF
µν is performed, the resulting Lagrangian has second order
equations to cubic order. The problem is then pushed to quartic order and one should
account for all the quartic interactions to draw any conclusion. Providing the explicit field
redefinition that would make the full decoupling limit of massive gravity either on flat space
time or on AdS free of higher derivatives and manifestly ghost-free is beyond the scope of this
work, but these decoupling limits provide yet more examples of effective field theories that
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exhibit higher derivatives and yet are free of any type of Ostrogradsky-like ghost instability.
This is a typical example of how higher order equations of motion may still be compatible
with the absence of ghosts when multiple fields are involved, as was shown in [76, 77] and
more recently in [91, 92] (the same type of phenomena is also observed within the context
of Horndeski theories [93–100], and in the decoupling limit of various Galileon extensions of
massive gravity [101,102]).
5 Non-Linear Partially Massless Decoupling Limits
We now turn to massive gravity on de Sitter and consider the fully non-linear partially
massless decoupling limit where, as depicted on Fig. 1, we force ourselves to be arbitrarily
close to the partially massless line.
No matter what the interactions present in the potential and kinetic term of the massive
spin-2 field are (so long as they only involve at most two derivatives), there is no full non-
linearly realized partially massless symmetry among ghost-free models [45,103]. The theory
of massive gravity with the Einstein-Hilbert kinetic term, the cosmological constant and the
dRGT potential interactions at m2 = 2H2 is the closest one can get to a partially massless
candidate [22, 45], but even with that theory in mind, there is no choice of parameters for
which the symmetry would be restored [45].
The absence of non-linear partially massless theory is not an issue in considering the
partially massless limit, since the limiting theory keeps all five degrees of freedom (just as
the massless decoupling limit has all five degrees of freedom). We know that as we approach
the partially massless mass, m2 → 2H2, one of the modes will become strongly coupled
(in the Vainshtein sense). This is for the same reasons that the m → 0 limit becomes
strongly coupled; the Stu¨ckelberg fields carrying the extra degrees of freedom and restoring
the broken gauge symmetry becomes strongly interacting as we approach the enhanced gauge
symmetry line. This strong coupling7 is precisely what ensures that the additional modes
actually decouple in their respective massless or partially massless limit. In the partially
massless case, there is a Stu¨ckelberg scalar carrying one extra degrees of freedom which
7By ‘strong coupling’ we do not imply here that the coupling constant g∗  1, see [104] for more
discussions on that point.
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restores partially massless symmetry away from m = 2H2, and which we will see becomes
strongly coupled as m2 → 2H2.
For later convenience, it will be useful to point out that in the partially massless
limit (2.23), the linear theory (2.24) can be written in terms of two quantities that we now
introduce. The first is the partially massless field strength tensor [105],
Fµνλ ≡ ∇µhνλ −∇νhµλ . (5.1)
This quantity has mixed symmetry; it is anti-symmetric in the first two indices and vanishes
if it is anti-symmetrized over all its indices. It is manifestly invariant under the linear
partially massless symmetry on de Sitter (2.4), δχFµνλ = 0, and plays a role analogous to
the Maxwell field strength in electromagnetism [106,107]. The second is the combination
Φµν ≡ ∇µ∇νφ+H2φγµν , (5.2)
which is manifestly invariant under extended Galileon-like shift symmetries for de Sitter
space δBΦµν = 0 (see appendix B). In terms of these quantities, the linear action in the
partially massless limit (2.24) is
L∆→02 = LmPM + Lφ , (5.3)
where
LmPM(h) =
√−γ
(
−1
4
FµνλF
µνλ +
1
2
F νµν F
µλ
λ
)
, (5.4)
Lφ =
√−γ 1
2H2
ΦµνX(1)µν (Φ) (5.5)
=
√−γ
(
−3
2
(∂φ)2 + 6H2φ2
)
= 3Lgal,2(φ) .
Here X
(1)
µν is one of a family of tensors X
(n)
µν defined in Appendix A, and Lgal,2 is one of the
de Sitter Galileons, reviewed in Appendix B.
5.1 Partially massless Stu¨ckelberg
At linear level, the Stu¨ckelberg field φ is introduced as in (2.20), and restores the partially
massless symmetry (2.22) away from m2 = 2H2. Beyond linear level, we have a choice as
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to how to introduce the Stu¨ckelberg field. Since the theory at m2 = 2H2 has no partially
massless symmetry beyond linear level, there is no natural choice for restoring it beyond linear
level. Here we will take inspiration from the vielbein formulation; in the vielbein language,
the potential interactions for the massive graviton take a simple form [79] and truncate at
a finite order in perturbation theory [23]. Motivated by this, we will keep working in the
metric language in what follows but with a vielbein-‘inspired’ choice of variables, where the
metric is expressed as
gµν = γ
αβ(γµα +
1
MPl
hµα)(γνβ +
1
MPl
hνβ) . (5.6)
This is equivalent to choosing hµν to be the fluctuation of the vielbein in a symmetric gauge.
We then introduce the fully non-linear Stu¨ckelberg field through the replacement
hµν → hµν + 1
H∆
Φµν , (5.7)
where Φµν is as defined in (5.2). This is the same form as the linear replacement (2.20). The
fully non-linear partially massless symmetry introduced in this way is thus identical to its
linear version (2.22)8.
The Stu¨ckelberg field φ as introduced above always enters in the combination Φµν
defined in (5.2). Φµν is not invariant under the standard global Galileon extended shift
transformations, but rather it is invariant under the global de Sitter Galileon version of
these transformations as introduced in [46–48] (see Appendix B). These transformations
reduce to the standard Galileon and shift symmetries in the flat spacetime limit H → 0.
At the linear level, we saw in Section 2.3 that hµν decouples from φ in the partially
massless limit ∆→ 0. However the absence of a non-linear partially massless theory indicates
that at the non-linear level there will be higher order operators involving φ that do not vanish
in the limit ∆→ 0. We therefore expect interactions that scale like inverse powers of ∆ (∆
plays the same role here as the mass m does in the massless decoupling limit.)
With our choice of Stu¨ckelberg field (5.7), the Einstein–Hilbert term brings in an
infinite number of interactions involving the scalar whereas with the structure (5.6) the
8Note that φ is not invariant under the partially massless transformation before taking any decoupling
limit, and neither should it be since it is a Stu¨ckelberg field. Only in the decoupling limit is φ invariant
under the partially massless symmetry, and can be identified as a true scalar. The similarities that φ shares
with scalars in this limit do not imply that φ is a scalar in the covariant sense of the term.
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dRGT mass terms only bring in a finite number (this is in contrast to what occurs when
restoring diffeomorphism invariance in the massless limit, in which the Stu¨ckelberg fields do
not contribute through the Einstein–Hilbert term). We will see that the resulting decoupling
limits only carry a finite number of pure-φ interactions, which we will find to be the de Sitter
Galileon interactions derived in [46–48].
The interactions we get from the Stu¨ckelberg replacement (5.6), (5.7) are of the fol-
lowing schematic form:
L`,n ∼ (∂ +H)2n+2 1
M `−2Pl
1
(H∆MPl)n
h`φn , n, ` ≥ 0, n+ ` ≥ 3 . (5.8)
L˜`,n ∼ (∂ +H)2n∆2 1
M `−2Pl
1
(H∆MPl)n
h`φn , n, ` ≥ 0, n+ ` ≥ 3 . (5.9)
(Here we treat ∂, H as schematically identical, since they are held fixed in the limit of interest
and can be converted into each by commuting derivatives.) The terms (5.8) come from the
Einstein-Hilbert and mass terms upon the Stu¨ckelberg substitution. The terms (5.9), with
the extra ∆2 suppression, come from the mass term when we replace m2 → ∆2 + 2H2; they
are the terms proportional to ∆2. This ∆2 suppression will play an important role later.
The strong coupling scale will be the smallest scale appearing among the terms (5.8),
(5.9), and this is the scale that will be held fixed in the decoupling limit. We define the
following analogues of the massive gravity scales,
Λ˜k =
(
MPl∆
k−1)1/k , (5.10)
and we sort the various terms (5.8), (5.9) according to which Λ˜k scale they appear with.
We recall that φ is introduced as a Stu¨ckelberg field to restore the partially massless
symmetry in the full theory. In the decoupling limit the Stu¨ckelberg field and the graviton
decouple (at least partially) and the Stu¨ckelberg field then transforms in that limit as a
scalar under the partially massless transformation. This implies that in the decoupling
limit, the resulting theory should be manifestly invariant under the linear partially massless
transformation (2.26). We also expect it to be invariant under the de Sitter version of
Galileon symmetry reviewed in Appendix B, since the Stu¨ckelberg is introduced through the
dS Galileon invariant Φµν defined in (5.2) (just as the flat space decoupling limit is invariant
under ordinary Galileon symmetry). We thus expect the resulting action to be built out
of the partially massless invariant field strength Fµνλ defined in (5.1), and the dS Galileon
invariant Φµν defined in (5.2).
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5.2 Λ˜4 decoupling limit
Generically, i.e. if the parameters α3, α4 are chosen arbitrarily, the lowest scale appearing
among the interactions (5.8), (5.9) is Λ˜4 = (MPl∆
3)
1/4
, carried by the terms L0,3 which are
cubic φ self-interactions. The terms carrying this scale that survive have up to four deriva-
tives (all the interactions with more derivatives appear as a total derivative combinations,
due to the ghost-free structure of the dRGT Lagrangian. The same will be true for terms
higher order in the fields.) The decoupling limit is taken by sending ∆→ 0, MPl →∞ while
keeping the scale Λ˜4 = MPl∆
3 (and the dS scale H as well as all the canonically normalized
fields) fixed,
MPl →∞, ∆→ 0, Λ˜4, H fixed, hµν , φ fixed . (5.11)
The resulting Lagrangian in this limit is
LΛ˜4 = LmPM(h) + 3Lgal,2(φ) +
3H(1 + 2α3)
Λ˜44
Lgal,3(φ) . (5.12)
Here, in addition to the kinetic terms of the linearized theory, we see that the cubic interaction
terms have organized themselves into Lgal,3, which is the cubic de Sitter Galileon discovered
in the context of brane world constructions [50] in [46–48] (see Appendix B for definitions).
The strong coupling scale is
Λ =
(
Λ˜44/H
)1/3
=
(
MPl∆
3/H
)1/3
. (5.13)
As expected, the decoupling limit Lagrangian is manifestly invariant under the linear par-
tially massless symmetry (2.26), as well as the extended de Sitter Galileon shift symmetries
reviewed in Appendix B.
5.3 Λ˜3 decoupling limit
Looking at (5.12), we see that in the case where α3 = −1/2, the cubic Galileon interactions
in the decoupling limit (5.11) vanish. This means that for this choice of α3 the true strong
coupling scale is higher. The next highest scale appearing among the interactions (5.8), (5.9)
is Λ˜3 = (MPl∆
2)
1/3
, carried by the terms L0,4 which are quartic φ self-interactions, as well
as the terms L1,3 which are linear in h.
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This Λ˜3 decoupling limit is then
MPl →∞, ∆→ 0, Λ˜3, H fixed , hµν , φ fixed , (5.14)
keeping again the canonically normalized fields and the scale H fixed in the limit.
As we will explain is Section 5.4, the terms in L1,3 (that are not suppressed by additional
powers of ∆2) vanish identically up to total derivatives. This leaves only the L0,4 quartic φ
self interactions, and the Lagrangian in the limit (5.14) is
LΛ˜3 = LmPM(h) + 3Lgal,2(φ) +
8α4 − 1
2Λ˜63
Lgal,4(φ) . (5.15)
The φ4 terms take the form of a quartic de Sitter Galileon, as defined in Appendix B. The
strong coupling scale Λ is simply Λ˜3,
Λ = Λ˜3 =
(
MPl∆
2
)1/3
. (5.16)
5.4 Λ˜2 decoupling limit
Looking at (5.15), we see that in the case where
α3 = −1/2 , α4 = 1/8 , (5.17)
the quartic Galileon interactions in the decoupling limit (5.14) vanish. This means that
in this case the true strong coupling scale is higher yet. In fact, the values (5.17) are
precisely the values of the “candidate partially massless theory” identified in [22] and studied
in [45]. These are the values for which, in some sense, the dRGT theory comes closest to
realizing a full partially massless symmetry. The theory at this point does not have full
partially massless symmetry, but it has partially massless symmetry to cubic order in the
interactions, to all orders in the scalar-tensor sector of the flat space decoupling limit, and in
FRW cosmological solutions and fluctuations about them. In addition, it has a Z2 symmetry
between the dynamical metric and the background metric. We will refer to the values (5.17)
as the partially massless values.
The fact that at the partially massless values (5.17) the scalar-tensor interactions vanish
in the flat space decoupling limit means that all the way up to the scale Λ3 = (MPlm
2)1/3 in
this limit, the partially massless symmetry is preserved [22]. This means that upon choosing
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the appropriate partially massless values (5.17) for the parameters α3 and α4, all the pure φ
interactions as well as all the interactions that are linear in hµν should be suppressed with at
least one power of ∆2, i.e. with the appropriate choice of parameters α3,4, the interactions
L0,n and L1,n from (5.8) should vanish. This suppression has profound consequences for the
value of the strong coupling scale, since these are the only terms with scales smaller than
Λ˜2 = (MPl∆)
1/2. Once we see that this suppression occurs, i.e. the terms L0,n, L1,n defined
in (5.8) vanish, the next highest scale is Λ˜2, carried by the terms L2,n, which are quadratic
in h, and the terms L˜0,n defined in (5.9) which are scalar self-interactions suppressed by ∆2.
Following the previous arguments we are lead to a new and interesting decoupling limit
of massive gravity, which can only be taken when the parameters take the partially massless
values (5.17). In this limit we take MPl → ∞, keep the Hubble constant fixed and send
∆2 = m2 − 2H2 → 0 keeping the scale Λ˜2 = (MPl∆)1/2 fixed,
MPl →∞, ∆→ 0, Λ˜2, H fixed, hµν , φ fixed . (5.18)
With these considerations in mind we now derive the full form of the Λ˜2 decoupling limit. As
already mentioned, this decoupling limit includes terms which are at most quadratic order
in hµν . We hence proceed order by order in hµν , first showing the vanishing of the terms L1,n
linear in hµν and the suppression by ∆
2 of the scalar self-interactions (i.e. showing vanishing
of L0,n and deriving L˜0,n), and then deriving the terms L2,n quadratic in h.
Up to linear order in hµν: The beauty of the vielbein inspired choice (5.6), (5.7) for the
introduction of the Stu¨ckelberg scalar is that the Einstein-Hilbert and cosmological constant
terms (which are simple wedge products in the vielbein formulation) contribute up to first
order in hµν only a finite number of terms. These terms are
LEH = M
2
Pl
2
√−g (R[g]− Λ) = −2H
∆
[(
hµν +
1
2H∆
Φµν
)
X(1)µν (Φ) (5.19)
+
3
4HΛ˜22
(
hµν +
1
3H∆
Φµν
)
X(2)µν (Φ)
+
1
4H3Λ˜42
(
hµν +
1
4H∆
Φµν
)
X(3)µν (Φ)
]
+O(h2) .
Here the X
(n)
µν are given in Appendix A. This expression is exact to all orders in φ.
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As for the contributions from the mass terms in (3.1), we know that they are simple
polynomials in terms of vielbeins [79], and so there are also a finite number of contributions
to first order in h,
Lmass = M
2
Plm
2
2
√−g
[
S2(K)− 1
2
S3(K) + 1
8
S4(K)
]
=
m2
H∆
[(
hµν +
1
2H∆
Φµν
)
X(1)µν (Φ)
+
3
4HΛ˜22
(
hµν +
1
3H∆
Φµν
)
X(2)µν (Φ) +
1
4H3Λ˜42
(
hµν +
1
4H∆
Φµν
)
X(3)µν (Φ)
]
+ O(h2) . (5.20)
Individually, the Einstein-Hilbert and mass terms would seem to blow up in the Λ˜2
decoupling limit where ∆ → 0 keeping Λ˜2 fixed. However, with the choice of parameters
(5.17), and the mass m2 = 2H2 +∆2, we see that the terms coming from the 2H2 part of the
m2 will precisely cancel against the Einstein–Hilbert contribution. This leaves everything
else suppressed by ∆2. The terms linear in h with this extra ∆2 suppression contribute at a
higher scale than Λ˜2 so we can ignore them. We are thus left with the pure φ terms at the
scale Λ˜2, and these take the form of de Sitter Galileons,
LPM = LEH + Lmass → Lgal + Lh2 , (5.21)
where the de Sitter Galileon interactions are given by
Lgal = 1
2H2
ΦµνX(1)µν (Φ) +
1
4H3Λ˜22
ΦµνX(2)µν (Φ) +
1
16H4Λ˜42
ΦµνX(3)µν (Φ)
= 3Lgal,2(φ) + 3
2HΛ˜22
Lgal,3(φ) + 1
4H2Λ˜42
Lgal,4(φ) . (5.22)
They have the de Sitter version of Galileon symmetry, as reviewed in Appendix B.
Quadratic order in hµν: The final part of the Λ˜2 partially massless decoupling limit
is given by the terms quadratic in hµν . These h
2 terms must have the partially massless
symmetry (2.26), and so we expect them to be writable in terms of the partially massless
invariant field strength (5.1).
Computing the explicit contributions from the h2 terms is relatively straight-forward
but requires expanding the Einstein–Hilbert term and the mass term to second order in hµν
about a generic metric Vµν which is then identified to γµν +
1
HΛ˜22
Φµν (in our vielbein-inspired
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variables). This is straightforward exercise, and after some integrations by parts we are left
with
Lh2 = −1
4
√−g |detV |
[
1
2
FµαρFνβσ
(
V −2
)µν (
V −2
)αβ
γρσ
− (2FµρσFναβ − FµαρFνσβ)
(
V −2
)µν (
V −1
)αβ (
V −1
)ρσ ]
, (5.23)
with Fµνλ the partially massless field strength tensor defined in (5.1) and
Vµν ≡ γµν + 1
HΛ˜22
Φµν = γµν +
1
HΛ˜22
(∇µ∇νφ+H2φγµν) , (5.24)
with (V −1)µν the matrix inverse of Vµν , so that (V −1)
µλ
Vλν = δ
µ
ν . The quantity (V
−2)µν ≡
(V −1)µρ (V −1)νσ γρσ is nothing other than the full inverse metric evaluated at h = 0, and
| detV | = √−g|h=0.
The full decoupling limit is given by the sum of the Galileon terms in (5.22) and the
h2 terms in (5.23),
LΛ˜2 = 3Lgal,2(φ) +
3
2HΛ˜22
Lgal,3(φ) + 1
4H2Λ˜42
Lgal,4(φ)
−1
4
√−g |detV |
[
1
2
FµαρFνβσ
(
V −2
)µν (
V −2
)αβ
γρσ
− (2FµρσFναβ − FµαρFνσβ)
(
V −2
)µν (
V −1
)αβ (
V −1
)ρσ ]
, (5.25)
with Vµν as defined in (5.24) and Fµνλ as defined in (5.1). The strong coupling scale is
Λ =
(
HΛ˜22
)1/3
= (HMPl∆)
1/3 . (5.26)
The partially massless Lagrangian (5.25) is manifestly invariant under the local par-
tially massless symmetry (2.26), since the field strength Fµνλ is invariant under it. The
Lagrangian is also invariant under the global de Sitter Galileon symmetry since Φµν , and
hence Vµν , is invariant under it.
5.5 Scalar potential and Z2 symmetry
It is clear that the decoupling limit carries a mild instability for the field φ with a time scale
of order the Hubble parameter, as is already clear from the negative mass square term for
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φ in (2.24) at the linear level. This instability would be problematic if we intended to treat
the theory as a standard fundamental quantum field theory, however given that it is already
an effective field theory, on a classical and phenomenological level the instability is not of
great concern since the scale of the instability is of order the Hubble parameter.
Furthermore, this instability is simply a reflection of the Galileon shift symmetry,
one of whose generators is realized in the flat-slicing inflationary patch of de Sitter, ds2 =
−dt2 + e2Htd~x2, as an exponential growth δφ ∝ eHt. Since this is a global symmetry of the
theory, any point in the potential would carry the same feature. For instance the effective
potential carries a local minimum as will be shown below (see Fig. 2), and at that point
the instability manifests itself instead through the kinetic term. Since this ‘instability’ is a
consequence of the Galileon shift symmetry on de Sitter, it is only observable if the Galileon
couples to external sources in a way that breaks the de Sitter Galileon symmetry. If instead,
we consider configurations related by a Galileon shift symmetry as equivalent then the field
φ itself would not be a gauge-invariant quantity and a more appropriate question is related
to the behavior of correlation functions of a ‘gauge invariant’ quantity like the ‘field strength‘
Φµν as defined in (5.2), which is insensitive to the mild instability seen by the field φ.
To make manifest the Z2 symmetry of the Λ˜2 decoupling limit, we first point out
that since the Lagrangian is quadratic in hµν , in the vacuum there is a classically consistent
truncation where we can set hµν = 0 in the action. This leaves only the scalar self-interactions
governed by the cubic and quartic dS Galileons. These Galileon interactions include a cubic
and quartic potential. The full scalar potential, including the mass term from the quadratic
Galileon reads
V (φ) = −6H2φ2 − 6H
3φ3
Λ˜22
− 3H
4φ4
2Λ˜42
. (5.27)
This potential is a Z2 symmetric upside-down spontaneous symmetry breaking potential,
expanded around one of its Z2 breaking maxima (see Fig. 2). The extrema are at
maxima : φ = 0, −2Λ˜
2
2
H
local minimum : φ = −Λ˜
2
2
H
. (5.28)
We can make the Z2 symmetry manifest by expanding around the symmetry preserving local
minimum,
φ = φ′ − Λ˜
2
2
H
. (5.29)
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Figure 2: Scalar potential in the Λ˜2 decoupling limit.
The Lagrangian in terms of φ′ is also of the Galileon form, and involves only the Z2 symmetric
quadratic and quartic terms,
L = −3
2
Lgal,2(φ′) + 1
4H2Λ˜42
Lgal,4(φ′). (5.30)
Note that the kinetic term here has the wrong sign, so this local minimum is actually unstable
due to a ghost instability in the kinetic terms. Thus there is no truly stable configuration
for the field φ, which is a consequence of the de Sitter Galileon symmetry.
6 Conclusions
We have considered two kinds of decoupling limits of ghost-free massive gravity on curved
space. The first, a massless limit on fixed AdS, comes with a strong coupling scale Λ2 =
(MPlm)
1/2, and is described in the decoupling limit by a self-interacting massive Proca
theory. While the existence of this limit and the value of the strong coupling scale in this
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limit is well known, here we derived the explicit form of the interacting massive Proca
theory up to quartic order in the fields, showing that it is not of the form of the ghost-free
generalized Proca theories previously studied, yet still non-trivially maintains the constraint
necessary to describe three degrees of freedom non-linearly. The second limit we considered
is a new type of partially massless decoupling limit on dS. In this limit, the strong coupling
scale can be raised, by choosing the partially massless parameters, to (HMPl∆)
1/3, where
∆2 = m2 − 2H2 measures the departure from the partially massless point. The Stu¨ckelberg
field in this case is a scalar that restores partially massless symmetry. We derived the exact
all-orders decoupling limit in this case, finding that the scalar self interactions are governed
by de Sitter Galileons.
The AdS limit is of interest because there are examples in which a light graviton mass is
induced on AdS. For example, in the construction of [108,109], a small graviton mass can be
induced on AdS through a loop effect when Einstein gravity is coupled to a scalar field with
non-standard boundary conditions (brane-world, AdS/CFT and string theory realizations
of similar systems and bi-gravity extensions have been extensively studied [110–120]). In
this case the graviton mass is m ∼ (L2MPl)−1, and so the strong coupling scale is the
same as the AdS scale Λ2 ∼
√
MPlm ∼ 1/L. In the decoupling limit we consider here,
we would have a massive vector with a mass mA ∼ 1/L which is of the same order as the
strong coupling scale, so the decoupling limit effective theory may have limited usefulness in
this case. Constructions in which five dimensional AdS gravity is used to induce a non-local
theory in four dimensions with a higher cutoff have also been of interest recently [74,121–124].
The partially massless dS limit is of interest because the formalism is now in place
to understand the classical and quantum behavior of massive gravity close to the partially
massless line, and to address questions such as how the Vainshtein mechanism is realized in
the partially massless limit. Within a late-time cosmological setup, it is not inconceivable
that ∆ is arbitrarily close to its partially massless value today and understanding the partially
massless limit phenomenology could go a long way towards determining the viability of the
model. Alternatively, massive spin-2 fields could be present during inflation and contribute to
primordial gravitational waves or other signatures [125–135]. Stability requires these massive
spin-2 fields to have a mass above the Higuchi bound, which is the partially massless line.
To have a large phenomenological impact, their mass should not be much higher than this
bound at the time of inflation, and should thus be close to the partially massless point,
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exactly the regime captured by the partially massless decoupling limit. We thus expect this
limit to be useful in simplifying the study of such inflationary scenarios.
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A Symmetric polynomials and tensors
Here we define the symmetric polynomials Sn and tensors X
(n)
µν that enter throughout the
paper. They are the same objects that play a role in the standard Λ3 decoupling limit of
massive gravity [15,20].
For an arbitrary symmetric tensor Mµν , we define the symmetric polynomials as
Sn(M) = n!M
[µ1
µ1
Mµ2µ2 · · ·Mµn]µn . (A.1)
Explicitly, they are
S0(M) = 1, (A.2)
S1(M) = [M ], (A.3)
S2(M) = [M ]
2 − [M2], (A.4)
S3(M) = [M ]
3 − 3[M ][M2] + 2[M3], (A.5)
S4(M) = [M ]
4 − 6[M2][M ]2 + 8[M3][M ] + 3[M2]2 − 6[M4], (A.6)
where the brackets are matrix traces.
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The tensors X
(n)
µν (M) are defined as follows9,
X(n)µν(M) =
1
n+ 1
δ
δMµν
Sn+1(M) = (n+ 1)! δ
[µ
νM
µ2
µ2
· · ·Mµn]µn . (A.7)
Explicitly, they are
X(0)µν (M) = γµν , (A.8)
X(1)µν (M) = [M ] γµν −Mµν , (A.9)
X(2)µν (M) =
(
[M ]2 − [M2]) γµν − 2 [M ]Mµν + 2M2µν , (A.10)
X(3)µν (M) =
(
[M ]3 − 3 [M ] [M2]+ 2 [M3]) γµν − 3 ([M ]2 − [M2])Mµν + 6 [M ]M2µν − 6M3µν .
(A.11)
The symmetric polynomials are proportional to the traces of these tensors,
X(n)µ µ(M) = (4− n)Sn(M) . (A.12)
B de Sitter Galileons
Here we review the de Sitter Galileons derived in [46–48], which make an appearance in
the partially massless decoupling limit. The de Sitter Galileons are similar to the flat space
Galileons [49] in that they are higher-derivative Lagrangians whose equations of motion are
second order and can be derived using a probe brane embedding as proposed in [50]. Unlike
the covariantized Galileons [136], they maintain an extended Galileon shift symmetry, and
they have mass and potential terms whose form is fixed by the extended symmetry.
The precise normalization we use and explicit expressions for the de Sitter Galileons
9Note that our definition of the X
(n)
µν differs by a factor of 2 from that of [10].
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are
Lgal,1(φ) =
√−γφ ,
Lgal,2(φ) =
√−γ
[
−1
2
(∂φ)2 + 2H2φ2
]
,
Lgal,3(φ) =
√−γ
[
−1
2
(∂φ)2[Π]− 3H2(∂φ)2φ+ 4H4φ3
]
,
Lgal,4(φ) =
√−γ
[
−1
2
(∂φ)2
(
[Π]2 − [Π2] + H
2
2
(∂φ)2 + 6H2φ[Π] + 18H4φ2
)
+ 6H6φ4
]
,
Lgal,5(φ) =
√−γ
[
−1
2
(
(∂φ)2 +
H2
5
φ2
)(
[Π]3 − 3[Π][Π2] + 2[Π3])
−12H
2
5
φ(∂φ)2
(
[Π]2 − [Π2] + 27H
2
12
[Π]φ+ 5H4φ2
)
+
24H8
5
φ5
]
, (B.1)
where Πµν = ∇µ∇νφ, and the brackets are traces. They reduce to the flat space Galileons
when H → 0.
The de Sitter Galileons for n ≤ 4 can be written up to a total derivative in terms of
the tensors X
(n)
µν defined in Appendix A,
Lgal,1(φ) = 1
4H2
√−γΦµνX(0)µν (Φ) ,
Lgal,2(φ) = 1
6H2
√−γΦµνX(1)µν (Φ) ,
Lgal,3(φ) = 1
6H2
√−γΦµνX(2)µν (Φ) ,
Lgal,4(φ) = 1
4H2
√−γΦµνX(3)µν (Φ) , (B.2)
where
Φµν = ∇µ∇νφ+H2φγµν . (B.3)
The tensor Φµν and therefore all these expressions are invariant under a de Sitter version of
the Galileon shift symmetry. Let ZA(x), A = 0, 1, 2, 3, 4 be an embedding of de Sitter into
five dimensional Minkowski space. Then the Galileon shift symmetry is given by
δBφ(x) = BAZ
A(x) , (B.4)
where BA are constants parameterizing the five shift symmetries.
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C Stu¨ckelberg fields on AdS
The derivation of the Stu¨ckelberg fields on a maximally symmetric background was provided
in [22]. For convenience we shall reproduce the derivation here focusing on the AdS case.
This can be derived from the dS case by substituting H2 → −L−2 throughout the analysis.
The derivation of the covariant Stu¨ckelberg formalism was also studied in [137, 138]. The
strategy to derive the Stu¨ckelberg fields in AdS is to base ourselves on those in flat space
by embedding AdS4 into a (2 + 3)-dimensional Riemann-flat spacetime (corresponding to
five-dimensional Minkowski with two times), and then projecting the flat 5-dimensional
Stu¨ckelberg fields back onto AdS4.
Let AdS4 be embedded into a (2 + 3)-dimensional Minkowski space with cartesian
coordinates ZA and metric
ds2 = ηMNdZ
MdZN . (C.1)
The four-dimensional AdS space is realized as the hypersurface defined by
ηMNZ
MZN = −L2 . (C.2)
At this stage one can perform a change of coordinates {ZM} → {XM} = {Y, xµ}, so as to
foliate the five-dimensional spacetime into four-dimensional AdS slices. The hypersurface
(C.2) is then located at Y = 0 in the new coordinate system and the induced metric on that
surface is AdS4, with the metric denoted by γµνdx
µdxν . The metric in these coordinates is
ds2 = GMNdX
MdXN = e2Y/L(−dY 2 + γµνdxµdxν). (C.3)
We have the following relation between the cartesian coordinates and the AdS4 foliated
coordinates on the ambient flat space,
ηABZ
AZB = −L2e2Y/L . (C.4)
Now consider the vector field φ¯A given in the cartesian coordinates by
φ¯A = ZA , (C.5)
i.e. perpendicular to the AdS4 foliation. In the AdS foliated coordinates, it is given by
φ¯M = (L, 0, 0, 0, 0) , (C.6)
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where it manifestly points along the Y direction, perpendicular to the AdS4 slices.
We now introduce the five Stu¨ckelberg scalar fields φA(Z). They describe a diffeomor-
phism from the ambient Minkowski space to itself, with the property that it leaves the AdS4
surface at Y = 0 invariant,
ηABφ
AφB = −L2, when Y = 0 . (C.7)
This constraint (C.7) reduces the number of Stu¨ckelberg fields down to four. To see this
explicitly, consider the identity diffeomorphism given by φA = φ¯A and departures from it
described by V A,
φA = φ¯A − V A . (C.8)
Then in cartesian coordinates where φ¯A = ZA, the constraint (C.7) is
ηABφ
AφBZ2 − 2ηABφ¯AV B + ηABV AV B = −L2 when Y = 0 . (C.9)
Expressing this constraint in the AdS slicing (C.3), and splitting V M =
{
V Y , Aµ
}
we get
ηABφ
AφB = −L2e2Y/L − 2GY Y φ¯Y V Y +GY Y (V Y )2 + γµνAµAν
= e2Y/L
(−L2 + 2LV Y − (V Y )2 + A2) , (C.10)
where A2 ≡ γµνAµAν . Then the constraint (C.9) evaluated at Y = 0 gives
2LV Y − (V Y )2 + A2 = 0 , (C.11)
which allows us to solve for V Y in terms of the independent Stu¨ckelberg fields Aµ,
V Y = L
(
1−
√
1 +
1
L2
A2
)
when Y = 0 . (C.12)
The minus sign in front of the square root is chosen so that V Y = 0 when Aµ = 0.
In this language, we first introduce the Stu¨ckelberg through the ambient metric ηAB →
∂Aφ
C∂Bφ
D, and then pull them back to the AdS surface, giving
γµν(x)→ γ˜µν = ∂Z
A
∂xµ
∂ZB
∂xν
(
ηCD∂Aφ
C∂Bφ
D
)∣∣∣∣
Y=0
. (C.13)
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The ‘Stu¨ckelbergized’ AdS metric γ˜µν can be expressed in cartesian coordinates using the
split (C.8) prior to performing a changed of coordinates into AdS slicing,
γ˜µν =
∂ZA
∂xµ
∂ZB
∂xν
(
ηAB − ∂AVB − ∂BVA + ∂AV C∂BVC
)∣∣∣∣
Y=0
=
∂XM
∂xµ
∂XN
∂xν
(
GMN −∇MVN −∇NVM +∇MV P∇NVP
)∣∣∣∣
Y=0
. (C.14)
For convenience, we define the four-dimensional tensor
Sµν ≡ ∂X
M
∂xµ
∂XN
∂xν
∇MVN
∣∣∣∣
Y=0
= ∂µAν − ΓλµνVλ − ΓYµνVY , (C.15)
where the Christoffel symbol Γλµν on the right hand side is taken with respect to the four-
dimensional AdS metric γµν , and Γ
Y
µν =
1
L
γµν . Then using (C.12), we have
Sµν = ∇µAν + γµν
(
1−
√
1 +
1
L2
A2
)
. (C.16)
Using the expression for V Y given in (C.12), we have
∇µV Y = − 1
L
√
1 + 1
L2
A2
Tµ
where Tµ ≡ 1
2
∂µ(A
2)−
√
1 +
1
L2
A2Aµ . (C.17)
Plugging these ingredients into the expression (C.14) for γ˜µν , we obtain finally
γ˜µν = γµν − Sµν − Sνµ + S λµ Sνλ −
1
L2 + A2
TµTν , (C.18)
with
Sµν = ∇µAν + γµν
(
1−
√
1 +
1
L2
A2
)
, Tµ ≡ 1
2
∂µ(A
2)−
√
1 +
1
L2
A2Aµ. (C.19)
Our Stu¨ckelberg expressions (4.1) and (4.2) are then obtained after appropriately canonically
normalizing Aµ → A¯µ = 2MPlmAµ.
40
References
[1] G. R. Dvali, G. Gabadadze, and M. Porrati, “4-D gravity on a brane in 5-D
Minkowski space,” Phys. Lett. B485 (2000) 208–214, arXiv:hep-th/0005016
[hep-th].
[2] A. I. Vainshtein, “To the problem of nonvanishing gravitation mass,” Phys. Lett.
39B (1972) 393–394.
[3] M. A. Luty, M. Porrati, and R. Rattazzi, “Strong interactions and stability in the
DGP model,” JHEP 09 (2003) 029, arXiv:hep-th/0303116 [hep-th].
[4] K. Koyama, “Are there ghosts in the self-accelerating brane universe?,” Phys. Rev.
D72 (2005) 123511, arXiv:hep-th/0503191 [hep-th].
[5] C. Charmousis, R. Gregory, N. Kaloper, and A. Padilla, “DGP Specteroscopy,”
JHEP 10 (2006) 066, arXiv:hep-th/0604086 [hep-th].
[6] A. Nicolis and R. Rattazzi, “Classical and quantum consistency of the DGP model,”
JHEP 06 (2004) 059, arXiv:hep-th/0404159 [hep-th].
[7] N. Chow and J. Khoury, “Galileon Cosmology,” Phys. Rev. D80 (2009) 024037,
arXiv:0905.1325 [hep-th].
[8] C. de Rham, A. Matas, and A. J. Tolley, “New Kinetic Interactions for Massive
Gravity?,” Class. Quant. Grav. 31 (2014) 165004, arXiv:1311.6485 [hep-th].
[9] C. de Rham and G. Gabadadze, “Generalization of the Fierz-Pauli Action,” Phys.
Rev. D82 (2010) 044020, arXiv:1007.0443 [hep-th].
[10] C. de Rham, G. Gabadadze, and A. J. Tolley, “Resummation of Massive Gravity,”
Phys. Rev. Lett. 106 (2011) 231101, arXiv:1011.1232 [hep-th].
[11] G. Gabadadze, “General Relativity With An Auxiliary Dimension,” Phys. Lett.
B681 (2009) 89–95, arXiv:0908.1112 [hep-th].
[12] C. de Rham, “Massive gravity from Dirichlet boundary conditions,” Phys. Lett.
B688 (2010) 137–141, arXiv:0910.5474 [hep-th].
[13] C. de Rham and G. Gabadadze, “Selftuned Massive Spin-2,” Phys. Lett. B693
(2010) 334–338, arXiv:1006.4367 [hep-th].
41
[14] K. Hinterbichler, “Theoretical Aspects of Massive Gravity,” Rev. Mod. Phys. 84
(2012) 671–710, arXiv:1105.3735 [hep-th].
[15] C. de Rham, “Massive Gravity,” Living Rev. Rel. 17 (2014) 7, arXiv:1401.4173
[hep-th].
[16] N. Arkani-Hamed, H. Georgi, and M. D. Schwartz, “Effective field theory for massive
gravitons and gravity in theory space,” Annals Phys. 305 (2003) 96–118,
arXiv:hep-th/0210184 [hep-th].
[17] P. Creminelli, A. Nicolis, M. Papucci, and E. Trincherini, “Ghosts in massive
gravity,” JHEP 09 (2005) 003, arXiv:hep-th/0505147 [hep-th].
[18] S. F. Hassan and R. A. Rosen, “Resolving the Ghost Problem in non-Linear Massive
Gravity,” Phys. Rev. Lett. 108 (2012) 041101, arXiv:1106.3344 [hep-th].
[19] S. F. Hassan and R. A. Rosen, “Confirmation of the Secondary Constraint and
Absence of Ghost in Massive Gravity and Bimetric Gravity,” JHEP 04 (2012) 123,
arXiv:1111.2070 [hep-th].
[20] C. de Rham, G. Gabadadze, L. Heisenberg, and D. Pirtskhalava, “Cosmic
Acceleration and the Helicity-0 Graviton,” Phys. Rev. D83 (2011) 103516,
arXiv:1010.1780 [hep-th].
[21] C. de Rham, G. Gabadadze, L. Heisenberg, and D. Pirtskhalava,
“Nonrenormalization and naturalness in a class of scalar-tensor theories,” Phys. Rev.
D87 (2013) no. 8, 085017, arXiv:1212.4128 [hep-th].
[22] C. de Rham and S. Renaux-Petel, “Massive Gravity on de Sitter and Unique
Candidate for Partially Massless Gravity,” JCAP 1301 (2013) 035,
arXiv:1206.3482 [hep-th].
[23] G. Gabadadze, K. Hinterbichler, D. Pirtskhalava, and Y. Shang, “Potential for
general relativity and its geometry,” Phys. Rev. D88 (2013) no. 8, 084003,
arXiv:1307.2245 [hep-th].
[24] N. A. Ondo and A. J. Tolley, “Complete Decoupling Limit of Ghost-free Massive
Gravity,” JHEP 11 (2013) 059, arXiv:1307.4769 [hep-th].
[25] M. Fasiello and A. J. Tolley, “Cosmological Stability Bound in Massive Gravity and
Bigravity,” JCAP 1312 (2013) 002, arXiv:1308.1647 [hep-th].
42
[26] C. de Rham and L. Heisenberg, “Cosmology of the Galileon from Massive Gravity,”
Phys. Rev. D84 (2011) 043503, arXiv:1106.3312 [hep-th].
[27] L. Berezhiani, G. Chkareuli, C. de Rham, G. Gabadadze, and A. J. Tolley, “Mixed
Galileons and Spherically Symmetric Solutions,” Class. Quant. Grav. 30 (2013)
184003, arXiv:1305.0271 [hep-th].
[28] D. G. Boulware and S. Deser, “Can gravitation have a finite range?,” Phys. Rev. D6
(1972) 3368–3382.
[29] G. Tasinato, “Cosmic Acceleration from Abelian Symmetry Breaking,” JHEP 04
(2014) 067, arXiv:1402.6450 [hep-th].
[30] L. Heisenberg, “Generalization of the Proca Action,” JCAP 1405 (2014) 015,
arXiv:1402.7026 [hep-th].
[31] L. Heisenberg, R. Kase, and S. Tsujikawa, “Beyond generalized Proca theories,”
Phys. Lett. B760 (2016) 617–626, arXiv:1605.05565 [hep-th].
[32] E. Allys, Au-dela` des mode`les standards en cosmologie. PhD thesis, UPMC, Paris
(main), 2017. arXiv:1710.02143 [astro-ph.CO].
http://inspirehep.net/record/1628933/files/arXiv:1710.02143.pdf.
[33] A. Higuchi, “Forbidden Mass Range for Spin-2 Field Theory in De Sitter
Space-time,” Nucl. Phys. B282 (1987) 397–436.
[34] S. Deser and R. I. Nepomechie, “Anomalous Propagation of Gauge Fields in
Conformally Flat Spaces,” Phys. Lett. 132B (1983) 321–324.
[35] S. Deser and R. I. Nepomechie, “Gauge Invariance Versus Masslessness in De Sitter
Space,” Annals Phys. 154 (1984) 396.
[36] L. Brink, R. R. Metsaev, and M. A. Vasiliev, “How massless are massless fields in
AdS(d),” Nucl. Phys. B586 (2000) 183–205, arXiv:hep-th/0005136 [hep-th].
[37] S. Deser and A. Waldron, “Gauge invariances and phases of massive higher spins in
(A)dS,” Phys. Rev. Lett. 87 (2001) 031601, arXiv:hep-th/0102166 [hep-th].
[38] S. Deser and A. Waldron, “Partial masslessness of higher spins in (A)dS,” Nucl.
Phys. B607 (2001) 577–604, arXiv:hep-th/0103198 [hep-th].
[39] S. Deser and A. Waldron, “Stability of massive cosmological gravitons,” Phys. Lett.
43
B508 (2001) 347–353, arXiv:hep-th/0103255 [hep-th].
[40] S. Deser and A. Waldron, “Null propagation of partially massless higher spins in
(A)dS and cosmological constant speculations,” Phys. Lett. B513 (2001) 137–141,
arXiv:hep-th/0105181 [hep-th].
[41] Yu. M. Zinoviev, “On massive high spin particles in AdS,” arXiv:hep-th/0108192
[hep-th].
[42] E. D. Skvortsov and M. A. Vasiliev, “Geometric formulation for partially massless
fields,” Nucl. Phys. B756 (2006) 117–147, arXiv:hep-th/0601095 [hep-th].
[43] E. D. Skvortsov, “Gauge fields in (A)dS(d) and Connections of its symmetry
algebra,” J. Phys. A42 (2009) 385401, arXiv:0904.2919 [hep-th].
[44] Yu. M. Zinoviev, “On massive spin 2 interactions,” Nucl. Phys. B770 (2007) 83–106,
arXiv:hep-th/0609170 [hep-th].
[45] C. de Rham, K. Hinterbichler, R. A. Rosen, and A. J. Tolley, “Evidence for and
obstructions to nonlinear partially massless gravity,” Phys. Rev. D88 (2013) no. 2,
024003, arXiv:1302.0025 [hep-th].
[46] G. Goon, K. Hinterbichler, and M. Trodden, “A New Class of Effective Field
Theories from Embedded Branes,” Phys. Rev. Lett. 106 (2011) 231102,
arXiv:1103.6029 [hep-th].
[47] C. Burrage, C. de Rham, and L. Heisenberg, “de Sitter Galileon,” JCAP 1105 (2011)
025, arXiv:1104.0155 [hep-th].
[48] G. Goon, K. Hinterbichler, and M. Trodden, “Symmetries for Galileons and DBI
scalars on curved space,” JCAP 1107 (2011) 017, arXiv:1103.5745 [hep-th].
[49] A. Nicolis, R. Rattazzi, and E. Trincherini, “The Galileon as a local modification of
gravity,” Phys. Rev. D79 (2009) 064036, arXiv:0811.2197 [hep-th].
[50] C. de Rham and A. J. Tolley, “DBI and the Galileon reunited,” JCAP 1005 (2010)
015, arXiv:1003.5917 [hep-th].
[51] M. Fierz and W. Pauli, “On relativistic wave equations for particles of arbitrary spin
in an electromagnetic field,” Proc. Roy. Soc. Lond. A173 (1939) 211–232.
[52] J. Fang and C. Fronsdal, “Elementary Particles in a Curved Space. 5. Massive and
44
Massless Spin-2 Fields,” Lett. Math. Phys. 2 (1978) 391–397.
[53] H. van Dam and M. J. G. Veltman, “Massive and massless Yang-Mills and
gravitational fields,” Nucl. Phys. B22 (1970) 397–411.
[54] V. I. Zakharov JETP Letters (Sov. Phys.) 12 (1970) 312.
[55] M. Porrati, “No van Dam-Veltman-Zakharov discontinuity in AdS space,” Phys.
Lett. B498 (2001) 92–96, arXiv:hep-th/0011152 [hep-th].
[56] I. I. Kogan, S. Mouslopoulos, and A. Papazoglou, “The m —¿ 0 limit for massive
graviton in dS(4) and AdS(4): How to circumvent the van Dam-Veltman-Zakharov
discontinuity,” Phys. Lett. B503 (2001) 173–180, arXiv:hep-th/0011138 [hep-th].
[57] A. Karch, E. Katz, and L. Randall, “Absence of a VVDZ discontinuity in
AdS(AdS),” JHEP 12 (2001) 016, arXiv:hep-th/0106261 [hep-th].
[58] N. T. Evans, “Discrete series for the universal covering group of the 3 + 2 de sitter
group,” Journal of Mathematical Physics 8 (1967) no. 2, 170–184,
https://doi.org/10.1063/1.1705183. https://doi.org/10.1063/1.1705183.
[59] C. Fronsdal, “Singletons and Massless, Integral Spin Fields on de Sitter Space
(Elementary Particles in a Curved Space. 7.,” Phys. Rev. D20 (1979) 848–856.
[60] C. de Rham, A. J. Tolley, and S.-Y. Zhou, “The Λ2 limit of massive gravity,” JHEP
04 (2016) 188, arXiv:1602.03721 [hep-th].
[61] F. A. Dilkes, M. J. Duff, J. T. Liu, and H. Sati, “Quantum discontinuity between
zero and infinitesimal graviton mass with a Lambda term,” Phys. Rev. Lett. 87
(2001) 041301, arXiv:hep-th/0102093 [hep-th].
[62] M. J. Duff, J. T. Liu, and H. Sati, “Quantum M**2 —¿ 2 Lambda / 3 discontinuity
for massive gravity with a Lambda term,” Phys. Lett. B516 (2001) 156–160,
arXiv:hep-th/0105008 [hep-th].
[63] X. Bekaert and M. Grigoriev, “Higher order singletons, partially massless fields and
their boundary values in the ambient approach,” Nucl. Phys. B876 (2013) 667–714,
arXiv:1305.0162 [hep-th].
[64] K. B. Alkalaev, M. Grigoriev, and E. D. Skvortsov, “Uniformizing higher-spin
equations,” J. Phys. A48 (2015) no. 1, 015401, arXiv:1409.6507 [hep-th].
45
[65] T. Basile, X. Bekaert, and N. Boulanger, “Flato-Fronsdal theorem for higher-order
singletons,” JHEP 11 (2014) 131, arXiv:1410.7668 [hep-th].
[66] E. Joung and K. Mkrtchyan, “Partially-massless higher-spin algebras and their
finite-dimensional truncations,” JHEP 01 (2016) 003, arXiv:1508.07332 [hep-th].
[67] C. Brust and K. Hinterbichler, “Free k scalar conformal field theory,” JHEP 02
(2017) 066, arXiv:1607.07439 [hep-th].
[68] C. Brust and K. Hinterbichler, “Partially Massless Higher-Spin Theory,” JHEP 02
(2017) 086, arXiv:1610.08510 [hep-th].
[69] C. Brust and K. Hinterbichler, “Partially Massless Higher-Spin Theory II: One-Loop
Effective Actions,” JHEP 01 (2017) 126, arXiv:1610.08522 [hep-th].
[70] T. Basile, E. Joung, S. Lal, and W. Li, “Character Integral Representation of Zeta
function in AdSd+1: II. Application to partially-massless higher-spin gravities,”
arXiv:1805.10092 [hep-th].
[71] L. Dolan, C. R. Nappi, and E. Witten, “Conformal operators for partially massless
states,” JHEP 10 (2001) 016, arXiv:hep-th/0109096 [hep-th].
[72] S. F. Hassan, R. A. Rosen, and A. Schmidt-May, “Ghost-free Massive Gravity with a
General Reference Metric,” JHEP 02 (2012) 026, arXiv:1109.3230 [hep-th].
[73] C. de Rham, A. J. Tolley, and S.-Y. Zhou, “Non-compact nonlinear sigma models,”
Phys. Lett. B760 (2016) 579–583, arXiv:1512.06838 [hep-th].
[74] G. Gabadadze, “Scale-up of Λ3: Massive gravity with a higher strong interaction
scale,” Phys. Rev. D96 (2017) no. 8, 084018, arXiv:1707.01739 [hep-th].
[75] C. Deffayet and J.-W. Rombouts, “Ghosts, strong coupling and accidental
symmetries in massive gravity,” Phys. Rev. D72 (2005) 044003,
arXiv:gr-qc/0505134 [gr-qc].
[76] C. de Rham, G. Gabadadze, and A. J. Tolley, “Ghost free Massive Gravity in the
Stu¨ckelberg language,” Phys. Lett. B711 (2012) 190–195, arXiv:1107.3820
[hep-th].
[77] C. de Rham, G. Gabadadze, and A. J. Tolley, “Helicity Decomposition of Ghost-free
Massive Gravity,” JHEP 11 (2011) 093, arXiv:1108.4521 [hep-th].
46
[78] M. Mirbabayi, “A Proof Of Ghost Freedom In de Rham-Gabadadze-Tolley Massive
Gravity,” Phys. Rev. D86 (2012) 084006, arXiv:1112.1435 [hep-th].
[79] K. Hinterbichler and R. A. Rosen, “Interacting Spin-2 Fields,” JHEP 07 (2012) 047,
arXiv:1203.5783 [hep-th].
[80] M. Hull, K. Koyama, and G. Tasinato, “A Higgs Mechanism for Vector Galileons,”
JHEP 03 (2015) 154, arXiv:1408.6871 [hep-th].
[81] G. Tasinato, “A small cosmological constant from Abelian symmetry breaking,”
Class. Quant. Grav. 31 (2014) 225004, arXiv:1404.4883 [hep-th].
[82] E. Allys, P. Peter, and Y. Rodriguez, “Generalized Proca action for an Abelian
vector field,” JCAP 1602 (2016) no. 02, 004, arXiv:1511.03101 [hep-th].
[83] M. Hull, K. Koyama, and G. Tasinato, “Covariantized vector Galileons,” Phys. Rev.
D93 (2016) no. 6, 064012, arXiv:1510.07029 [hep-th].
[84] F. Charmchi, Z. Haghani, S. Shahidi, and L. Shahkarami, “One-loop corrections to
vector Galileon theory,” Phys. Rev. D93 (2016) no. 12, 124044, arXiv:1511.07034
[hep-th].
[85] J. Beltran Jimenez and L. Heisenberg, “Derivative self-interactions for a massive
vector field,” Phys. Lett. B757 (2016) 405–411, arXiv:1602.03410 [hep-th].
[86] E. Allys, J. P. Beltran Almeida, P. Peter, and Y. Rodriguez, “On the 4D generalized
Proca action for an Abelian vector field,” JCAP 1609 (2016) no. 09, 026,
arXiv:1605.08355 [hep-th].
[87] D. Vegh, “Holography without translational symmetry,” arXiv:1301.0537
[hep-th].
[88] M. Blake and D. Tong, “Universal Resistivity from Holographic Massive Gravity,”
Phys. Rev. D88 (2013) no. 10, 106004, arXiv:1308.4970 [hep-th].
[89] M. Blake, D. Tong, and D. Vegh, “Holographic Lattices Give the Graviton an
Effective Mass,” Phys. Rev. Lett. 112 (2014) no. 7, 071602, arXiv:1310.3832
[hep-th].
[90] R. A. Davison, “Momentum relaxation in holographic massive gravity,” Phys. Rev.
D88 (2013) 086003, arXiv:1306.5792 [hep-th].
47
[91] H. Motohashi, K. Noui, T. Suyama, M. Yamaguchi, and D. Langlois, “Healthy
degenerate theories with higher derivatives,” JCAP 1607 (2016) no. 07, 033,
arXiv:1603.09355 [hep-th].
[92] H. Motohashi, T. Suyama, and M. Yamaguchi, “Ghost-free theories with arbitrary
higher-order time derivatives,” arXiv:1804.07990 [hep-th].
[93] J. Gleyzes, D. Langlois, F. Piazza, and F. Vernizzi, “Exploring gravitational theories
beyond Horndeski,” JCAP 1502 (2015) 018, arXiv:1408.1952 [astro-ph.CO].
[94] D. Langlois and K. Noui, “Hamiltonian analysis of higher derivative scalar-tensor
theories,” JCAP 1607 (2016) no. 07, 016, arXiv:1512.06820 [gr-qc].
[95] C. Deffayet, G. Esposito-Farese, and D. A. Steer, “Counting the degrees of freedom of
generalized Galileons,” Phys. Rev. D92 (2015) 084013, arXiv:1506.01974 [gr-qc].
[96] J. Ben Achour, D. Langlois, and K. Noui, “Degenerate higher order scalar-tensor
theories beyond Horndeski and disformal transformations,” Phys. Rev. D93 (2016)
no. 12, 124005, arXiv:1602.08398 [gr-qc].
[97] M. Crisostomi, M. Hull, K. Koyama, and G. Tasinato, “Horndeski: beyond, or not
beyond?,” JCAP 1603 (2016) no. 03, 038, arXiv:1601.04658 [hep-th].
[98] M. Crisostomi, K. Koyama, and G. Tasinato, “Extended Scalar-Tensor Theories of
Gravity,” JCAP 1604 (2016) no. 04, 044, arXiv:1602.03119 [hep-th].
[99] D. Langlois and K. Noui, “Degenerate higher derivative theories beyond Horndeski:
evading the Ostrogradski instability,” JCAP 1602 (2016) no. 02, 034,
arXiv:1510.06930 [gr-qc].
[100] C. de Rham and A. Matas, “Ostrogradsky in Theories with Multiple Fields,” JCAP
1606 (2016) no. 06, 041, arXiv:1604.08638 [hep-th].
[101] G. Gabadadze, K. Hinterbichler, J. Khoury, D. Pirtskhalava, and M. Trodden, “A
Covariant Master Theory for Novel Galilean Invariant Models and Massive Gravity,”
Phys. Rev. D86 (2012) 124004, arXiv:1208.5773 [hep-th].
[102] M. Andrews, G. Goon, K. Hinterbichler, J. Stokes, and M. Trodden, “Massive
Gravity Coupled to Galileons is Ghost-Free,” Phys. Rev. Lett. 111 (2013) no. 6,
061107, arXiv:1303.1177 [hep-th].
48
[103] S. Garcia-Saenz and R. A. Rosen, “A non-linear extension of the spin-2 partially
massless symmetry,” JHEP 05 (2015) 042, arXiv:1410.8734 [hep-th].
[104] C. de Rham, S. Melville, and A. J. Tolley, “Improved Positivity Bounds and Massive
Gravity,” JHEP 04 (2018) 083, arXiv:1710.09611 [hep-th].
[105] S. Deser and A. Waldron, “Partially Massless Spin 2 Electrodynamics,” Phys. Rev.
D74 (2006) 084036, arXiv:hep-th/0609113 [hep-th].
[106] K. Hinterbichler, “Manifest Duality Invariance for the Partially Massless Graviton,”
Phys. Rev. D91 (2015) no. 2, 026008, arXiv:1409.3565 [hep-th].
[107] K. Hinterbichler and R. A. Rosen, “Partially Massless Monopoles and Charges,”
Phys. Rev. D92 (2015) no. 10, 105019, arXiv:1507.00355 [hep-th].
[108] M. Porrati, “Higgs phenomenon for 4-D gravity in anti-de Sitter space,” JHEP 04
(2002) 058, arXiv:hep-th/0112166 [hep-th].
[109] M. Porrati, “Higgs phenomenon for the graviton in ADS space,” Mod. Phys. Lett.
A18 (2003) 1793–1802, arXiv:hep-th/0306253 [hep-th].
[110] A. Karch and L. Randall, “Locally localized gravity,” JHEP 05 (2001) 008,
arXiv:hep-th/0011156 [hep-th]. [,140(2000)].
[111] A. Karch and L. Randall, “Localized gravity in string theory,” Phys. Rev. Lett. 87
(2001) 061601, arXiv:hep-th/0105108 [hep-th].
[112] M. Porrati, “Mass and gauge invariance 4. Holography for the Karch-Randall model,”
Phys. Rev. D65 (2002) 044015, arXiv:hep-th/0109017 [hep-th].
[113] O. Aharony, O. DeWolfe, D. Z. Freedman, and A. Karch, “Defect conformal field
theory and locally localized gravity,” JHEP 07 (2003) 030, arXiv:hep-th/0303249
[hep-th].
[114] M. J. Duff, J. T. Liu, and H. Sati, “Complementarity of the Maldacena and
Karch-Randall pictures,” Phys. Rev. D69 (2004) 085012, arXiv:hep-th/0207003
[hep-th].
[115] E. Kiritsis, “Product CFTs, gravitational cloning, massive gravitons and the space of
gravitational duals,” JHEP 11 (2006) 049, arXiv:hep-th/0608088 [hep-th].
[116] O. Aharony, A. B. Clark, and A. Karch, “The CFT/AdS correspondence, massive
49
gravitons and a connectivity index conjecture,” Phys. Rev. D74 (2006) 086006,
arXiv:hep-th/0608089 [hep-th].
[117] E. Kiritsis and V. Niarchos, “Interacting String Multi-verses and Holographic
Instabilities of Massive Gravity,” Nucl. Phys. B812 (2009) 488–524,
arXiv:0808.3410 [hep-th].
[118] L. Apolo and M. Porrati, “On AdS/CFT without Massless Gravitons,” Phys. Lett.
B714 (2012) 309–311, arXiv:1205.4956 [hep-th].
[119] C. Bachas and I. Lavdas, “Quantum Gates to other Universes,” Fortsch. Phys. 66
(2018) no. 2, 1700096, arXiv:1711.11372 [hep-th].
[120] C. Bachas and I. Lavdas, “Massive Anti-de Sitter Gravity from String Theory,”
arXiv:1807.00591 [hep-th].
[121] C. de Rham and A. J. Tolley, “Mimicking Lambda with a spin-two ghost
condensate,” JCAP 0607 (2006) 004, arXiv:hep-th/0605122 [hep-th].
[122] G. Gabadadze, “The Big Constant Out, The Small Constant In,” Phys. Lett. B739
(2014) 263–268, arXiv:1406.6701 [hep-th].
[123] G. Gabadadze and S. Yu, “Metamorphosis of the Cosmological Constant and 5D
Origin of the Fiducial Metric,” Phys. Rev. D94 (2016) no. 10, 104059,
arXiv:1510.07943 [hep-th].
[124] S. K. Domokos and G. Gabadadze, “Unparticles as the Holographic Dual of Gapped
AdS Gravity,” Phys. Rev. D92 (2015) 126011, arXiv:1509.03285 [hep-th].
[125] N. Arkani-Hamed and J. Maldacena, “Cosmological Collider Physics,”
arXiv:1503.08043 [hep-th].
[126] A. Kehagias and A. Riotto, “On the Inflationary Perturbations of Massive
Higher-Spin Fields,” JCAP 1707 (2017) no. 07, 046, arXiv:1705.05834 [hep-th].
[127] D. Baumann, G. Goon, H. Lee, and G. L. Pimentel, “Partially Massless Fields
During Inflation,” JHEP 04 (2018) 140, arXiv:1712.06624 [hep-th].
[128] M. Biagetti, E. Dimastrogiovanni, and M. Fasiello, “Possible signatures of the
inflationary particle content: spin-2 fields,” JCAP 1710 (2017) no. 10, 038,
arXiv:1708.01587 [astro-ph.CO].
50
[129] G. Franciolini, A. Kehagias, and A. Riotto, “Imprints of Spinning Particles on
Primordial Cosmological Perturbations,” JCAP 1802 (2018) no. 02, 023,
arXiv:1712.06626 [hep-th].
[130] M. M. Anber, “Large-scale messengers from massive higher spin fields,” JHEP 06
(2018) 154, arXiv:1801.07349 [hep-th].
[131] A. Moradinezhad Dizgah, H. Lee, J. B. Munoz, and C. Dvorkin, “Galaxy Bispectrum
from Massive Spinning Particles,” JCAP 1805 (2018) no. 05, 013,
arXiv:1801.07265 [astro-ph.CO].
[132] G. Franciolini, A. Kehagias, A. Riotto, and M. Shiraishi, “Detecting higher spin fields
through statistical anisotropy in the CMB bispectrum,” arXiv:1803.03814
[astro-ph.CO].
[133] A. Moradinezhad Dizgah, G. Franciolini, A. Kehagias, and A. Riotto, “Constraints
on long-lived, higher-spin particles from galaxy bispectrum,” arXiv:1805.10247
[astro-ph.CO].
[134] L. Bordin, P. Creminelli, A. Khmelnitsky, and L. Senatore, “Light Particles with
Spin in Inflation,” arXiv:1806.10587 [hep-th].
[135] E. Dimastrogiovanni, M. Fasiello, and G. Tasinato, “Probing the inflationary particle
content: extra spin-2 field,” arXiv:1806.00850 [astro-ph.CO].
[136] C. Deffayet, G. Esposito-Farese, and A. Vikman, “Covariant Galileon,” Phys. Rev.
D79 (2009) 084003, arXiv:0901.1314 [hep-th].
[137] X. Gao, T. Kobayashi, M. Yamaguchi, and D. Yoshida, “Covariant Stu¨ckelberg
analysis of de Rham-Gabadadze-Tolley massive gravity with a general fiducial
metric,” Phys. Rev. D90 (2014) no. 12, 124073, arXiv:1409.3074 [gr-qc].
[138] X. Gao, “Covariant expansion of the gravitational Stu¨ckelberg trick,” Phys. Rev.
D91 (2015) no. 9, 094001, arXiv:1502.07691 [gr-qc].
51
